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ABSTRACT

The local structure and oxygen stoichiometry in oxide systems have a profound impact on
oxygen electrocatalysis encountered in metal-air batteries and solid oxide fuel cells
(SOFCs). However, this knowledge is often obtained under conditions different from the
real working conditions of the material, resulting in misinterpretation and
misunderstanding. This PhD dissertation aims to obtain the structure and oxygenstoichiometry information of a class of perovskite oxides under their real working
conditions in solid oxide fuel cells. Several perovskite oxides were selected for the study:
Sr0.9Y0.1CoO3- (SYC10), Sr0.9Y0.3CoO3- (SYC30), SrCo0.9Nb0.1O3- (SCN10) and
SrCo0.9Ta0.1O3- (SCT10).
The local crystal structure and oxygen stoichiometry of these materials were
systematically characterized with in-situ neutron diffraction (ND). The oxygen
stoichiometry was also measured by thermogravimetric analysis (TGA) and iodometric
titration methods. To establish the correlation among structure, oxygen stoichiometry and
oxygen reduction reaction (ORR) activity, high temperature electrochemical impedance
spectroscopy, oxygen permeation and single cell testing were also performed. In chapter 2,
SYC10 is described to have a more symmetrical structure and Vo∙∙ distribution, and higher
Vo∙∙ concentration than SYC30. Molecular orbital energy analysis based on the local
structure of the ORR-active Co1-polyhedra indicates SYC30 has a higher Fermi level

v

relative to O-2p energy level in the active Co1-polyhedra, and thus a higher motional
enthalpy for Vo∙∙ migration. However, the ORR activity of Y-doped SrCoO3- (SCO) are
found uncompetitive with other popular catalysts. In chapter 3 and 4, systematic structural
studies are presented for Nb and Ta-doped SCO, namely SCN10 and SCT10, respectively.
The methodology of unrevealing the structure-activity relationships in chapter 2 is also
found applicable to SYC10, SCN10 and SCT10 as presented in chapter 5. The
electrochemical tests indicate that SCT10 is the best catalyst due to its excellent thermal
and electrochemical stability. In chapter 6, SCT10 is evaluated in a real solid oxide fuel
cell in the form of nanoscaled SCT10 layer coating on the commercial
(La0.6Sr0.4)0.95Co0.2Fe0.8O3- (LSCF). The bilayer structured cathode shows excellent
properties of coarsening-resistant, Sr-segregation-free and high ORR-activity.
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CHAPTER 1

LITERATURE REVIEW

1.1 Motivation of Study
The world economy is projected to double with a growth rate averaging 3.4% over the next
20 years. The energy consumption is expected to increase from current 13 billion TOE
(tonne of oil equivalent) to nearly 18 billion TOE by the year of 2035.1 Oil, gas and coal
remain the dominant sources of energy powering the global economy, which is obviously
not sustainable due to their finite nature. In addition to the fast depletion, consuming those
fossil fuels has generated a significant amount of polluting gases, such as CO2, SOx, NOx,
etc. The resulting climate change and environmental pollution looms a great threat to the
prosperity of our planet.2 These growing concerns act as a continued driving force to
improve the energy efficiency, as well as finding green and sustainable energy sources.
Giving another fact that the consumer preferences is shifting towards electricity as a fuel,
which is clean and convenient at the point of use, extensive efforts have been put on new
power generation techniques, such as wind farms, geothermal power plants, and solar cells.
However, several drawbacks are preventing them from large scale application, such as
location specific which are usually far from population centers and unstable nature due to
characteristic weather fluctuations. The uncertainty in generation output add extra
difficulties in grid balancing between electricity supply and demand. It presents
1

technological challenges in integrating those renewable power into the grid smoothly. The
renewable power output variability is currently handled almost exclusively by conventional
reserves, which is not sustainable as renewable penetration grows.3 Hydrogen/fuel cell
system offers a promising sustainable energy storage/conversion solution for those
renewable power generation techniques. Hydrogen is not only clean and easily
transportable but also of high energy density. Fuel cells are attractive energy converter
because they are efficient, free of noise and vibration, reliable and entirely nonpolluting.
They can power devices requiring power input ranging from a few milliwatts to megawatts
due to the controllable power capacities. Hence, in hydrogen/fuel cell system renewable
energy is stored in hydrogen while the fuel cell converts it back to electricity effectively.
1.2 Solid Oxide Fuel Cells
Among all the types of fuel cells, e.g., proton exchange membrane fuel cell (PEMFC),
alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC) and molten carbonate fuel cell
(MCFC), solid oxide fuel cell (SOFC) operates in the highest temperature range (500-1000
o

C). High operating temperature promotes rapid electrochemistry processes and thus high

system efficiency, reaching 55% when working alone and 70% when applying its hightemperature exhaust heat to gas turbine power generation.4 Moreover, the high operation
temperature renders SOFC the ability to handle not only hydrogen but also other common
industrial fuels, such as reformed gas mixture (CO, H2). This fuel flexibility offers SOFC
another advantage of bridging the technological gap between currently common fossil
energy and clean renewable energy in the future.

2

•

1.2.1 Operation Principles

Figure 1.1 Schematic of SOFC working principle with H2 as fuel and air as
oxidant.
A single SOFC consist of porous anode, porous cathode, and dense electrolyte as illustrated
in Figure 1.1. The key processes include oxidant reduction at cathode, fuel oxidation at
anode and ions transportation through electrolyte. Electrons flow through external circuit
from anode to cathode to keep charge balance. Air is typically supplied to cathode. The
cathode obtains electrons from the external circuit and catalyzes the oxygen reduction
reaction (ORR):
1
O2 (g)+2e − → O 2− ( s )
2

(1-1)

Anode catalyzes the oxidation of fuel and releases the electrons to the external circuit.
Depending on the fuel type, the half-cell reaction could be:
H 2 ( g ) + O 2− ( s ) → H 2O( g ) + 2e −

(1-2)

CO( g ) + O 2− ( s ) → CO2 ( g ) + 2e −

(1-3)

3

The dense electrolyte separates the air and fuel. More importantly, it transports only
oxygen-ion (negligible electrons pass through) from cathode to anode, and thus help
development of an electrical potential to balance the chemical potential gradient.
•

1.2.2 Reversible Cell Potential and Polarization Losses

Reversible cell potential
The first law of thermodynamics states that the change in the internal energy (U) of a closed
system equal to the heat (Q) being transferred to the system minus the work done by the
system (W). The expression goes

dU = dQ − dW

(1-4)

The second law of thermodynamic tells us that the entropy change of a system is greater
or equal than the transferred heat divided by the temperature (T) of the system as expressed
in equation (1-5). The equality holds when the transfer of heat is reversible.
dS 

dQ
T

(1-5)

The equation below defines the Gibbs free energyG,

G = U − TS + pV

(1-6)

where p and V are the system pressure and volume, respectively. We can write the Gibbs
free energy change as

dG = dU − TdS − SdT + pdV + Vdp

(1-7)

Combine equation (1-4), (1-5) and (1-7):

dG  −dW − SdT + pdV + Vdp

(1-8)

For a system only involves electrical work under constant pressure and temperature,

dWe  −dG
4

(1-9)

Hence, the maximum electrical work ( We,max ) in a fuel cell under constant pressure and
temperature can be obtained when all electrochemical reactions are reversible with no
losses and is given by the negative of the Gibbs free energy change. For a reaction on a
per-mole basis:
We,max = −Grxn

(1-10)

Table 1.1 The reversible cell
potentials at standard pressure for a
hydrogen-oxygen SOFC.
T (oC)
400
500
600
700
800
900
1000

Grxn (J/mol)5
-210230
-204940
-199550
-194060
-188500
-182860
-177150

Erev (V)
1.09
1.06
1.03
1.01
0.98
0.95
0.92

The Grxn represents the change in Gibbs free energy of the reactants and the products for
one molar reaction. The total charge (q) being carried by one molar of reaction is

q = nF

(1-11)

where n is the number of moles of electrons transferred and F is Faraday’s constant. The
maximum electrical work done by moving a charge of q under reversible electrical
potential ( Erev ) is
We,max = qErev

(1-12)

Combine equations (1-10), (1-11) and (1-12),

Grxn = −nFErev
For a hydrogen-oxygen SOFC, the total reaction is

5

(1-13)

1
H 2 ( g ) + O2 ( g ) → H 2O ( g )
2

(1-14)

Given the Gibbs energy change of reaction, n equals 2 and F equals 96485 C/mol, the
reversible cell potentials at standard pressure in SOFC working temperature range are listed
in Table 1.1.
Beyond the standard pressure condition, Erev is connected to pressure and reversible cell
o
voltage at standard condition ( Erev
) through the Nernst equation:

o
Erev = Erev
−

PH 2O
RT
ln
1
2F
PH 2 PO22

(1-15)

Polarization losses
The real SOFC working electrical potential is always smaller than the reversible cell
potential whenever a current pass through the cell. There are three major types of voltage
losses: activation losses, ohmic losses and concentration losses.
The activation energy barrier in electrochemical reactions can be manipulated by
varying the cell potential since charged species are involved either as reactants or products.
Certain amount of the reversible cell voltage must be sacrificed to move an electrochemical
reaction from its equilibrium toward a favored direction. The Butler-Volmer equation
expresses the relation between half-cell activation overvoltage ( act ) and working current
density. Even though Butler-Volmer is developed for single electron transfer reaction, it
can generally serve as an excellent approximation for most single step electrochemical
reactions and multistep electrochemical reactions inside which a rate limiting step is much
slower than the rest steps.6 Assuming the concentrations of reactant and product species at
electrode are not affected by the net reaction rate, the expression goes

6

j = jo (e nFact /( RT ) − e −(1− ) nFact /( RT ) )

(1-16)

where j is current density; jo is the exchange current density which denotes the reaction
rate at equilibrium for forward or reverse electrode reaction;  is transfer coefficient
(typically range from 0.2 to 0.5), the value of which depends on the symmetry of the
activation barriers for forward and reverse electrode reaction. From equation (1-16), it is
not hard to find that the activation overpotential greatly depends on the size of jo .

Figure 1.2 Effect of jo on activation overpotential. Curves
calculated with  =0.5, n =2 and T =1073 K.
Figure 1.2 better illustrate the effect of jo on the activation overpotential, where  ,
n and T are fixed at 0.5, 2 and 1073 K, respectively. The required overpotential is lower as
well as the electrode losses with a larger exchange current density. The effective ways to
increase exchange current density include increase in the temperature, decrease in the
activation barrier, and increase in the number of possible reaction sites. For SOFCs, the
activation polarization is dominated by the oxygen reduction reaction (ORR) at the cathode
as hydrogen oxidation at anode is usually very fast. The materials choice of electrolyte
7

limits the working temperature. Hence, it’s important to develop cathode with high
catalytic activity and more active sites.
Ohmic losses are caused by ionic and electronic conduction. When those charged
species are transported, a voltage drop exists and its value at a given current flow can be
calculated by Ohm’s law:

Ohm = j  ASR

(1-17)

where ASR denotes the area specific resistance with unit Ω cm2.
Concentration losses happened when the mass transport of reactant across the
reaction interfaces is insufficient compared to consumption rate. Reactant depletion
decrease both the Nernst cell voltage and the kinetic reaction rate. Thus, the depletion of
reactant at those active sites leads to losses in fuel cell output voltage. The concentration
polarization overpotential (con ) can be expressed as

con =

RT
j
ln(1 − )
nF
jlc

(1-18)

where jlc is the limiting current density. jlc is the current density at maximum mass transfer
rate when assuming the reactant concentration at interfaces is zero. The concentration
polarization is normally negligible at low current densities. Concentration losses at cathode
are typically much more severe than that for anode at a given thickness. This is because air
is often supplied to cathode and O2 diffuses much slower than H2.
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1.3 Oxygen-deficient Perovskites for Intermediate-temperature Solid Oxide Fuel Cell
Cathode
Recent development of solid oxide fuel cell (SOFC) technology has been mostly
concentrated on materials advancement aiming to enable high power generation at reduced
temperatures with improved durability and cost. A key material being actively developed
is mixed ionic and electronic conductors (MIECs) that can catalyze the sluggish ORR at
cathode side. The intrinsic mixed ionic/electronic conduction in single-phase MIECs can
significantly expand the number of ORR reactive sites from triple-phase boundaries (3PBs)
to two-phase boundaries (2PBs)7-8, thus substantially enhancing the ORR activity. This is
in marked contrast with those of only electron-conducting cathodes (e.g. Sr-doped LaMnO3
(LSM)9) or bi-phasic cathodes comprised of an electron-conducting (e.g. LSM) and an ionconducting phase (e.g. Y2O3-stabilized zirconia or YSZ)10, both of which have limited
ORR-active sites near 3PBs regions and a low ionic/electronic conductivity. There are
several new materials been proposed, such as perovskite-type [(Sm,Sr)CoO3-δ11-12,
(Ba,Sr)(Co,Fe)O3-δ (BSCF)13-15, (La,Sr)(Co,Fe)O3-δ (LSCF)16-18], layered perovskiterelated K2NiF4 (Ln2NiO4+δ, Ln=La, Pr, Nd19-21) and ordered double perovskites
(AA’Co2O5+δ, A=rare earth or Y, A’=Ba, Sr)22-24. All these newly proposed perovskites or
its related structures contain rare earth or alkaline ions at A-site and transition metal ions
at B-site. The different combinations of cations at A and B-sites can result in the generation
of oxygen vacancies ( VO ) or interstitial oxygen ( Oi'' ). These are of great importance for
ionic conduction since they are the charge carriers. The electronic conductivity of
perovskites originates from the interaction between transition metal ion at B-site and its
surrounding oxygen-ion. The electronic structure is also tunable through cation substitution
9

even from insulating to metallic.25 More importantly, the ORR activity in perovskite is
greatly affected by the defects state and electronic structure since they closely relate to the
oxygen species adsorption, migration and charge transfer process, etc.26 In this section, the
basics of electronic and ionic conduction in perovskite are explained. Then, a brief
discussion is given to understand the ORR activity and its relationship with electronic
structure and defects properties for oxygen-deficient perovskites.
•

1.3.1 General Structure Consideration

Figure 1.3 Crystal structure of Pm-3m perovskite.
The perovskite structure has the general formula ABO3. A and B can adopt various charge
combination, such as +1/+5, +2/+4, +3/+3, or even mixed charge ions sit on the same site.
This compositional flexibility leads to versatile crystal symmetry. Fortunately, most of this
diversity can be rationalized in terms of its highest symmetry Pm-3m (space group #221).
Figure 1.3 shows its space-filling polyhedral structure. Each B-ion is coordinated by six
oxygen-ion and thus form a BO6 octahedra. The octahedra are corner connected to each
other in a regular and parallel way. All the B-O bond lengths are equal, and the bond angle
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of O-B-O is either 180 o or 90 o. The larger A-ion is surrounded by BO6 octahedra and sits
in the center of a cuboctahedra cage formed by 12 oxygen-ion. The above structure can
also be described in the way of close packing. Every A-ion is surrounded by six oxygenion in (111) plane, as shown in Figure 1.4. The (111) planes stack along the cell body
diagonal direction in a sequence …1/2/3/1’/2’/3’/1’’… as shown in Figure 1.5. The same
number means they shift in no other but the stack direction. When ignoring the size
difference between A- and oxygen-ion, this stacking manner is exactly the so-called cubic
close packing (CCP). The small B-ion are accommodated into the octahedral gap formed
only by oxygen-ion in those close packed layers.

Figure 1.4 A-ion (Green) and oxygen-ion (red) arrangement
in (111) plane of Pm-3m perovskite. The plane is drawn in
an arbitrary size.
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Figure 1.5 View normal to cell body diagonal
[111] along (111) lattice plane for a 2×2×2
supercell of Pm-3m perovskite unit cell.

When treating perovskite as pure ionic compound, it is not hard to calculate the ion
radius relation in a Pm-3m perovskite that
RA + RO = 2( RB + RO )

(1-19)

Only very limited amount of compositions satisfies the above requirement. The tolerance
factor t is introduced to describe the ionic radii deviation, which goes

t=

RA + RO
2( RB + RO )

(1-20)

It is suggested that perovskite structure can be obtained only in certain range of t. Nonperovskite structures are preferred when t >1 or <0.71.27 A hexagonal packing is preferred
when t >1 because B-ion is too small to support a corner shared BO6 octahedra, leading to
face sharing BO6 arrangement. Both A-ion and B-ion are small compared to oxygen-ion
and they can both fit into the octahedral sites in those close packing layers of oxygen-ion
12

when t<0.71. In this case, either corundum structure (hexagonal close packing of oxygen
with 2/3 of the octahedra-site being filled by A- or B-ion randomly) or ordered corundum
structure (ilmenite, A- and B-ion occur in alternate layer) is formed. A Pm-3m perovskite
structure is still possible when 0.9 < t < 1.0. When t is even smaller in the range of 0.710.9, cooperative rotations of BO6 octahedra occur to reduce the A-ion site volume so it can
better fit in the small A-ion. These rotations will lower the symmetry, e.g. rotation about
the [111] axis give rhombohedral R-3c symmetry; rotation about [110] axis give
orthorhombic Pbnm or Pnma symmetry.28 It should be noted that the tolerance factor is
only a rough estimate since perovskites are not truly ionic compounds and the values of
which also depend on the choices of ionic radii. Furthermore, more than one structure are
often found for a perovskite with a given composition depending on temperature and
preparation methods.
•

1.3.2 Electronic structure

Atomic Orbital (AO) of d-electron
In principle, the exact solution of the Schrödinger equation allows one to determine all the
properties concerning the structure, energetics, and dynamics of a molecule. However, it is
hardly possible at present to obtain the exact solution for a multi-atom system. The problem
of electronic structure can be simplified by introducing approximations. One of the
commonly used approaches is the so-called one-electron approximation, which assumes
that each electron in an atom moves independently in the mean field created by the rest
matters of this system (nuclei, other electrons). The wave function of atomic orbital (AO)
can be solved and presented in a more understandable way under this assumption. The
solution goes

13

 lmn = Rnl ( r )Ylm ( ,  )

(1-21)

where R( r ) is the radial wavefunction and Y ( ,  ) is the angular wavefunction; r, θ and  are
spherical coordinates; l, m and n are those three quantum numbers (principle quantum
number, angular quantum number, magnetic quantum number). Radial wave function
depends only on the distance (r) from the nucleus while angular wave function depends
upon directions, and in effect, describe the shape of an orbital. It should be noted that the
angular wave functions for all s, all p or all d are the same regardless of the principal
quantum number n. Hence, different s, p or d orbital has the same general shape, but the
energy and size grow with the principal quantum number, such as 1s < 2s < 3s. The atomic
orbital shape is important in MO theory because it determines how to choose the bases for
the linear combinations of atomic orbitals in constructing molecular orbitals (MOs). The
atomic orbitals of interests for most oxygen-deficient perovskites p (l=1) and d (l=2)
orbitals. Figure 1.6 shows their shapes.29 The sign in each lobe, either + or -, dictates
whether the wave functions of adjacent electrons can interfere with each other
constructively or destructively. The wave functions of these AOs have the same
transformation properties under symmetry operations (mirror, rotation, etc.) with their
subscripts x, y, z, x2-y2, etc. in a Cartesian coordination system.

Figure 1.6 The shapes of three
p and five d orbitals. The
origin is at the nucleus.29
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Molecular Orbital (MO) analysis of perovskite
It is easily seen that the electrons in AOs are localized around nuclei. In the conventional
valence bond theory, all bonds are two-center bonds between two atoms. The concept of
hybridization in valence bond theory somehow extends the AOs to the entire molecular.
Take methane (CH4) as an example, the three 2p AOs and the 2s AO on carbon atom cannot
be arranged spatially in the form of a tetrahedron because of the mutual perpendicularity
of 2p AOs (Figure 1.6) and the spherical symmetry of the 2s AO. Following the
hybridization those four AOs are combined to give four equivalent sp3 hybrid AOs arranged
tetrahedrally, which can overlap with the adjacent 1s AOs of hydrogen atoms leading to
covalent bond. But still, the electrons are treated localized at the bonds and any interactions
between such bonds are not considered in valence bond theory. However, MO theory does
not take localization as a postulate when treating the orbital mixing. All MOs of a
polyatomic system in general extend over the entire system, which means that the electrons
occupying these orbitals may be delocalized throughout the system. MO theory is initially
developed for organic complexes. It is also called ligand field theory when applying MO
method to transition metal complexes, which is perovskite in our case.
The one-electron approximation is also a priori in MO theory, which assumes that
each electron moves independently in the mean field created by the nuclei and remaining
electrons. The evaluation of MO under the one-electron approximation is still a
complicated problem. Its wavefunction  is commonly simplified in the form of linear
combination of atomic orbitals (LCAO):

 ( r ) =  ci i ( r )
i
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(1-22)

where i is the ith one-electron atomic wavefunction; ci are coefficients. The LCAO means
2

that each MO electron can be found at each atom of the system with a probability of ci ;
it moves as a usual atomic electron when it is near the given atom. Before constructing the
MOs for perovskites, it is beneficial to look at how the AOs interact with each other to
form delocalized MOs in diatomic molecule H2. The 1s atomic wavefunctions of those two
hydrogen atoms can interact either constructively or destructively to form equal number of
MOs. Constructive interfering gives bonding MO (  s ) while destructive interfering gives
antibonding MO (  s* ). The bonding MO orbital results in increased electron density
between the two nuclei. It is more stable and has lower energy than the two separate atomic
orbitals. The anti-bonding MO results in a node (at which the electron density is zero and
the wavefunction change sign) between the two nuclei and is of greater energy than the two
separate atomic orbitals. The MO diagram is shown in Figure 1.7. The MOs formed by two
s atomic orbitals in which the associated electron density is concentrated in the space
between adjacent atoms are referred to as σ orbitals. If the principal overlap regions are not
along the line connecting atomic nuclei, the resulted MOs are referred to as π orbitals. The
π orbitals overlap side-by-side which is less than that of end-on-end along the bond axis in
σ orbitals. As a result, the π orbital will be higher in energy.

Figure 1.7 MOs diagram of H2.
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Another general rule of forming MOs is that the AOs are of similar energy. For
instance, 1s orbitals will not combine with 2s or 2p orbitals to form MOs. For most
perovskite of interests in SOFC cathodes, the valence electrons of A-site ions (5s for Sr, 6s
for Ba, 4f, 5d or 6s for lanthanides) are much higher in energy than those of B-site atom
(first row transition metal, 3d and 4s) and oxygen-ion (2p). As a result, the valence AOs of
A-site atom are mostly localized and well removed from Fermi level.30 Therefore, the
orbitals of A-site atom do not play any significant role in determining the electronic
structure and are usually omitted when constructing the MOs. The main difference will be
the overlap extent between AOs as the octahedra has different size. It is also important to
consider the symmetry when using MO LCAO method. With a specific symmetry point
group, group theory analysis can determine the possible MOs. Table 1.2 shows character
table of Oh point group, to which the BO6 octahedra belongs in cubic perovskite. At the
upper left is the symbol for the point group. The top row shows the symmetry operations
of the point group, such as identity, proper rotation, mirror, etc. The left column gives the
Mulliken symbols for each of the irreducible representations. “A”, “E” and “T” represent
non-degenerate, double-degenerate and triple-degenerate, respectively. “g” or “u”
subscripts denote symmetric or antisymmetric with respect to inversion operation (i).
Subscript “1” or “2” denote symmetric or antisymmetric with respect to a vertical mirror
plane perpendicular to the principal axis (σv or σd). The rows at the center of the table give
the characters of the irreducible representations. The certain functions listed at right
showing the irreducible representation for which the function can serve as a basis. When a
MO belongs to A1g, it means that MO can serve as a basis for A1g; the MO transforms under
symmetry operations as A1g. Here the symmetry allowed MOs are directly presented
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without detailed group theory analysis. The symmetry allowed σ MOs in Oh point group
are A1g, Eg and T1u. Both AOs on B-site atom and oxygen atom should match the symmetry
above to form MOs. The AOs of B-site atom fall into the categories from Table 1.2 as
follow:
A1g: s (s orbital on central atom always transform as totally symmetric representation hence
not included in character table)
Eg: (𝑑𝑧 2 , 𝑑𝑥 2 −𝑦 2 )
T1u: (px, py, pz)
The 2p AOs of six oxygen atoms are linear combined under symmetry restrictions, which
is also called symmetry adapted linear combination (SALC) to form orbitals of
corresponding symmetry. The oxygen atom SALCs are
A1g:

1
( 1 +  2 +  3 +  4 +  5 +  6 )
6

Eg:

1
(2 5 + 2 6 − 1 − 2 − 3 − 4 ) , 1 ( 1 −  2 +  3 −  4 )
2
12

T1u:

1
1
1
( 1 − 3 ) ,
( 5 − 6 )
( 2 − 4 ) ,
2
2
2

Table 1.2 Character table of Oh point group

A1g +1
A2g +1
Eg +2

+1
+1
-1

+1
-1
0

+1
-1
0

+1
+1
+2

+1
+1
+2

+1
-1
0

+1
+1
-1

+1
+1
+2

6
σd
+1
-1
0

T1g +3

0

-1

+1

-1

+3

+1

0

-1

-1

T2g
A1u
A2u
Eu
T1u

0
+1
+1
-1
0

+1
+1
-1
0
-1

-1
+1
-1
0
+1

-1
+1
+1
+2
-1

+3
-1
-1
-2
-3

-1
-1
+1
0
-1

0
-1
-1
+1
0

-1
-1
-1
-2
+1

+1
-1
+1
0
+1

Oh

E

+3
+1
+1
+2
+3

8C3 6C2 6C4 3C42

i

6S4 8S6 3σh
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(Rx, Ry,
Rz)
(x, y, z)

x2+y2+z2
(z2, x2-y2)
(xz, yz, xy)
-

T2u +3

0

+1

-1

-1

-3

+1

0

+1

-1

-

-

The bonding and antibonding MOs are constructed by bringing the AOs of B-site
atom and the SALCs of oxygen atom 2p AOs together to give positive overlap and negative
overlap. The energies of MOs generally follow the number of nodes; the lowest always has
no nodes and is fully bonding, the highest has nodes between each pair of atoms and is thus
fully antibonding. The bonding and anti-bonding MOs have the same symmetry, but their
energies will go down and up by the same amount at a first approximation. The energies of
various σ SALCs are viewed the same because the direct interaction of oxygen 2p AOs can
be treated as negligible.31 The σ MO diagram is thus constructed in Figure 1.8 as red lines.
The symmetry allowed π MOs in Oh point group are T2g, T1u, T1g and T2u. It can be
seen from Table 1.2 that T1g and T2u AOs are not available on B atom. For T1u AOs, they
mainly form σ MOs which is stronger than π MOs. Hence, the π SALCs T1u, T1g and T2u
are non-bonding orbitals. T2g SALCs are left to form bonding and anti-bonding π MOs with
those three T2g AOs of B atom. The π MOs diagram is displayed in Figure 1.8 as blue lines.

Figure 1.8 MO diagram for BO6 in a cubic perovskite.
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Figure 1.9 (a) Electronic configuration of octahedral Co3+O6; (b)32 band
structure of LaCo3+O3.

The molecular orbital analysis above explains the nature of metal-oxygen bond in
perovskite to the best without any computation. As seen from Figure 1.8, the energies of
O-2p orbitals lie below those of the metal orbitals. The bonding combination are dominated
by the ligand, while the antibonding combination will be predominantly metal in character.
The bonding between metal and oxygen orbitals stabilize O-2p orbitals while destabilize
the metal orbitals. The metal Eg orbitals (𝑑𝑧 2 , 𝑑𝑥 2 −𝑦 2 ) form σ bond with O-2p orbitals
which have higher overlap than that of π bond between T2g (𝑑𝑥𝑦 , 𝑑𝑥𝑧 , 𝑑𝑦𝑧 ) and O-2p orbitals.
Hence, the metal Eg orbitals (σ*) are more destabilized and higher in energy than T2g orbitals
(π*). Take Co3+O6 as an example, the total number of valence electrons are 42 (6 electrons
from Co3+ and 36 electrons from six O2-) and the electrons fill into MOs following Hund’s
rule. Its electronic structure at low spin state is shown in Figure 1.9 (a). The highest
occupied molecular orbital (HOMO) is antibonding π orbital T2g and the lowest unoccupied
molecular orbital is antibonding σ orbital Eg, which correspond to valence band and
conduction band respectively when extending to 3D in solids. The Fermi level lie between
those two MOs as shown in Figure 1.9 (b).
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•

1.3.3 Electronic structure, defects, and catalytic activity

ORR mechanisms
Two various pathways for ORR are illustrated in Figure 1.10.33 In “bulk pathway” the ORR
happens over the entire electrode surface and the formed oxygen ions diffuse from
electrode to electrolyte through bulk. In “surface pathway”, the adsorbed oxygen first
diffuse and then reacts at triple phase boundary (TPB), the electrode/electrolyte/gas
interface. The ORR mainly takes place through “bulk pathway” for a MIEC material. The
surface exchange coefficient (k*) and bulk chemical diffusion coefficient (Dchem) are
essential for efficient cathode processes. The bulk oxygen diffusion in perovskites are well
understood and can be evaluated with various methods, such as 18O isotope tracer diffusion
or oxygen permeation test. The surface exchange process usually becomes the
performance-limiting considering the commonly used thin cathode architecture. A higher
k* value correspond to more rapid splitting of oxygen and incorporation into the cathode,
which in turns correlates with a better ORR performance. However, attempts to
understanding the surface reaction mechanism on perovskite have faced major challenges
due to the complexity of materials and difficulties in performing in-situ surface
characterization. Most of the insightful understanding of reaction mechanism at
atomic/molecular level come from computational techniques. The general steps of the
surface reaction include oxygen adsorption, dissociation, charger transfer and
incorporation into the lattice.26, 33-35 Gaseous oxygen is first adsorbed molecularly on the
surface without dissociation. The electronic state of molecular oxygen being chemisorbed
can be superoxide (𝑂2− ) or peroxide (𝑂22− ).36 Then, the adsorbed species dissociate into two
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𝑂− bonded to surface. Finally, 𝑂 − meets with oxygen vacancies to be further reduced to
lattice oxygen-ion 𝑂2− .
The (001) surface are generally most stable in perovskites.36-37 The MnO2 and FeO2
termination has been predicted to be the most stable ones under SOFC operation conditions
for LaMnO334 and LaFeO338, respectively. Two types of chemisorbed dioxygen, which are
𝑂2− and 𝑂22− , have been observed by diffuse reflectance Fourier transformed infrared
spectrometry on the surface of LSM in 773-873 K.39 Ab initio calculations predict that the
stable adsorbates are 𝑂2− for LaBO3 (B=Mn, Fe and Co) at (001) BO2 surface.36 No clear
difference in adsorption energies are found for different B-ions. DFT computations for
LaMnO3 show that both the chemisorption of 𝑂2− and 𝑂22− are exothermic while 𝑂2− has
higher surface coverage.

Figure 1.10 Two ORR
pathways in SOFC cathode.33

The adsorption of molecular oxygen on the surface is the initial step of the surface
reactions, which is also generally assumed to be fast.35 The following steps for
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conventional cathode LSM and the state-of-the-art BSCF and LSCF will be compared here.
The dissociation of superoxide (𝑂2− ) or peroxide (𝑂22− ) into two 𝑂− can occur with or
without the active participation of VO . The VO formation energy is as high as 1.6 eV even
at 1100 K resulting in very limited amount of surface VO for LSM.40 Computational
calculation predicts an energy barrier of 0.6 eV for the adsorbates dissociation on a perfect
surface without surface VO .34 The step after dissociation is incorporate 𝑂 − into the lattice
as 𝑂2− before which the 𝑂− have to encounter with a VO . The migration along the surface
is much easier for VO (0.7 eV) than that for 𝑂− (2.0 eV).35 The subsequent charge transfer
after meeting each other occurs without barrier. Thus, the rate-limiting step is more likely
to be the adsorbates dissociation on a perfect surface or the surface VO migration for LSM.
Both BSCF and LSCF have much higher VO concentration than LSM. Hence, the
dissociation process mainly occurs with the assistance of VO . Figure 1.1133 shows the
suggested surface reaction processes for BSCF. After gas oxygen being fast chemisorbed
on the surface (I), the VO migrates toward the adsorbates ( 𝑂2− or 𝑂22− ) (II). The
dissociation of dioxygen adsorbates first incorporates one oxygen atom into lattice 𝑂2−
and release an 𝑂− (III). The approach of another VO to the 𝑂− and incorporating into the
lattice is the last step (IV). The charge transfer reaction in step III and IV is expected to
occur fast with negligible barrier.33, 35, 40 The VO migration in step II and IV is slower step
while the larger coverage of 𝑂− than 𝑂2− or 𝑂22− leaves the rate-limiting step being step
II.34 LSCF is found to have higher VO migration barrier than BSCF with the ×20 lower
bulk mobility at 1000 K.41 It is reasonable to assume that the surface VO migration is much
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slower on LSCF than BSCF. Hence, the surface reaction process of LSCF is different from
BSCF that the adsorbates prefer to migrate towards VO , which is much slower than the
reverse migration in BSCF.

Figure 1.11 Surface reaction mechanism for BSCF.33

Electronic structure and catalytic activity

Figure 1.12 (a) Metal d-orbitals splitting energy diagram in cubic
BO6 and BO5. eσ and eπ are the orbital energy changes at
maximum overlap for σ and π bond, respectively; (b) d electronic
configurations for several transition metal ions.
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Figure 1.13 MO diagram of O2.

The driving force of oxygen molecular adsorption atop B-site ion are the binding energy
originating from the frontier orbitals interaction between each other. The coordination
symmetry at surface is slightly different from bulk that it has coordination symmetry of
BO5. The impacts of coordination geometries on metal d orbitals energies or degeneracies
can be estimated by simple crystal field theory or, in a more accurate form, angular overlap
model in MO theory.42 The BO5 geometry further splitting Eg and T2g orbitals as shown in
Figure 1.12 (a). The spin-state reported at SOFC operating temperature for popular B-site
3 1
3 2
5 1
4 2
ions are HS (𝑇2𝑔
𝐸𝑔 ), HS (𝑇2𝑔
𝐸𝑔 ), IS/HS (𝑇2𝑔
𝐸𝑔 /𝑇2𝑔
𝐸𝑔 ) for (Mn3+)43, (Fe3+)44 and (Co3+)45,

respectively. Their electronic configurations at surface are shown in Figure 1.12 (b). The
frontier orbital (HOMO) is Eg (σ*) which has different symmetry with that of oxygen
molecule as its HOMO is 𝜋𝑝∗ as shown in Figure 1.13.29 Hence, their frontier orbitals can
only partially overlap with oxygen 𝜋𝑝∗ in a tilted configuration. For surface reaction in
aqueous environments, the strength of this interaction determines its reaction kinetics. If
the interaction is too weak, 𝑂22− /𝑂𝐻 − exchange is limiting step; if the interaction is too
strong, the 𝑂2− removal is difficult and the rate is limited by the generation of 𝑂𝐻 −.46 The
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strength of this adsorbate binding can be approximated by the amount of Eg occupancies,
with lower filling corresponding to stronger interaction. For example, the B-O2 binding is
3 0
too strong for LaCrO3 (𝑇2𝑔
𝐸𝑔 ) while too weak for LaFeO3; the intermediate interaction

strength for LaMnO3, LaCoO3 results in a peak of ORR activity in aqueous solution for
perovskites.46-47
However, the surface reaction activity at SOFC working conditions cannot be
simply predicted from Eg occupancies. On the one hand, the B-site ion covers an extended
range of oxidation states from +2 to +4 because of the oxygen non-stoichiometry variation
with temperature and the commonly existed charge disproportion. On the other hand, the
kinetics of the limiting-step may not directly correlate with the surface binding energies.
Recently Morgan’s group found that the experimental surface exchange coefficient k* are
strongly correlated with the first-principle calculated O-2p center (relative to the Fermi
energy).48-50 Figure 1.14 shows such a correlation that the surface exchange reaction is
faster when O-2p band center is higher, relative to Fermi level. The correlation
demonstrates that O-2p center controls the rate-limiting step behind the oxygen surface
reaction even though it is a bulk property. It can be easily seen from the ORR mechanism
above that the oxygen species transport dominates the surface reaction kinetics, as well as
bulk diffusion process. When oxygen species transport to adjacent position in bulk or on
the surface, the O-2p state energy at original position is decreased with respect to the metal3d states along with an increase of Fermi energy level. The reaction energies correlate with
the number of interchanged electrons between the Fermi level and O-2p band level. In
addition, the VO formation energy and hopping activation energy are also linearly
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correlated with the bulk O-2p band center. Hence, it is not surprising that a higher ionic
conductivity will typically exhibit a faster surface reaction as they are close related.

Figure 1.14 Experimental surface exchange
coefficient vs the O-2p band center for
popular cathode materials.48

1.4 SrCoO3-δ based Oxygen-deficient Perovskite as a SOFC cathode

Recently, the perovskite materials SrCoO3- (SCO) have garnered much attention as a class
of new high-performance cathode materials for intermediate-temperature (IT)-SOFCs.51-58
However, the crystal structure of a pure SCO depends exquisitely on its thermal history
during synthesis. At ambient air conditions, for example, a slow cooling results in a mixture
of spinel Co3O4 and 2H-BaNiO3-related Sr6Co5O15;59 the latter has CoO6 octahedra stacked
in columns sharing faces instead of corners in the ideal 3C-type cubic perovskite
structure.60 By quenching SCO from temperatures ≥ 1000 oC to room temperature (RT),
however, an orthorhombic brownmillerite phase SrCoO2.5 can be obtained.61-62 The crystal
structure of SrCoO2.5 is a 3C-type perovskite related superstructure, in which half the
oxygen vacancies per formula unit are in long-range ordering.63 Further, oxygen vacancies
in the brownmillerite are oxygen-intercalatable, thereby resulting in a series of oxygen-
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stoichiometry-dependent crystal structures.64-66 For example, using an electrochemical
oxidation technique, Le Toquin et al have shown that the oxygen stoichiometry of SrCoO3

can be varied between 2.5 and 3.0.64 Hu et al showed that SrCoO2.5 thin films can be

chemically oxidized to SrCoO3 by NaClO and the oxygen intercalation stability and
dynamics in SrCoO3- films can be even tuned by epitaxial strains.66-67 On the other hand,
it is interesting to observe that the crystal symmetry of SrCoO3- also varies systematically
with 3-, i.e. from orthorhombic at 3-=2.5 to cubic at 3-=2.75, and tetragonal at 3=2.75-2.89 and again cubic at 3-=3.0.64 The material with 3-=3.0 crystallizes as an ideal
3C-cubic perovskite structure. A higher crystal symmetry in SrCoO3- is favored for use in
oxygen electrocatalysis since such materials usually have a higher electronic conductivity
and oxygen diffusivity with low activation energies.
However, the 3C-cubic perovskite phase of SCO is not chemically stable below
~900 oC. The phase stability for an ABO3 perovskite can be empirically assessed by the
Goldschmidt tolerance factor. For SrCoO3, t=1.04,68 which is larger than the ideal value
(t=1.00) for the 3C-cubic structure, suggesting that the 3C-cubic symmetry in SrCoO3 may
not be structurally favorable. To reduce the t-value, a partial substitution of Sr2+ with
smaller cations such as La3+,51 Ce3+,52 Sm3+53 and Y3+54 or a partial substitution of Co3+/4+
with larger cations such as Sb5+,55 Mo6+,56 Ta5+57 and Nb5+58, 69 has been experimentally
proven as an effective way to stabilize the 3C-type perovskite structure at RT. Jiang et al.
report that Sr0.9Y0.1CoO3- has a single cubic structure with a stable polarization resistance
of 0.6 Ω cm2 at 600 oC.54 SrCo0.9Nb0.1O3- has been reported with 8 times lower polarization
resistance than the state-of-the-art cathode (La0.60Sr0.40)0.95(Co0.20Fe0.80)O3-δ (LSCF) at 600
C, 0.75 Ω cm2 vs 6.00 Ω cm2 and improved thermodynamic stability compared to

o
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benchmark cathode Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF).58, 68 Li, et al. report SrCo0.9Ta0.2O3-
shows an even better ORR activity and stability than SrCo0.9Nb0.2O3-.70 However, the
knowledge of structure, oxygen stoichiometry and Co-ion oxidation state in SOFC working
temperature range are still missing; a fundamental understanding of the structure-activity
relationship are still needed for these doped-SCOs.
Another challenge for SCO-based perovskites to be used as practical cathodes is its
much higher thermal expansion coefficient (TEC, >20 ppm K-1) when compared to the
electrolyte (~10 ppm K-1). A direct use of SCO-based materials in SOFC as a bulk cathode
is, therefore, inadequate. To solve this issue, the ORR-active, but TEC-high SCO-based
materials, are usually utilized as a cathode in the form of nanoparticles impregnated into a
TEC-compatible scaffold.71-73 In this design, TEC of the cathode is determined by the
scaffold, not the attached nanoparticles.
1.5 Objectives
Since SOFC cathode operates at elevated temperatures, the knowledge of the local structure
and oxygen stoichiometry at such temperatures would be more meaningful than that under
ambient temperature to interpret the ORR activity. Systematic study on temperaturedependent local crystal structure by in-situ neutron diffraction (ND) for Y-doped SCO at
Sr-site (A-site) and Nb- or Ta-doped at Co-site (B-site), is one of the primary works in this
dissertation. To complement ND results, conventional thermogravimetric analysis (TGA)
and iodometric titration for oxygen non-stoichiometry, oxygen permeation for oxide-ion
conduction and impedance spectroscopy for polarization resistance are also carried out.
With these fundamental data in hand, attempts are made to correlate their crystal structures,
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electronic structures and defect states with the ionic conduction, electronic conduction and
oxygen reduction reaction (ORR) activity. A reasonable and practical approach to utilize
SCO-based materials in SOFC cathode is incorporating them into a TEC-compatible
scaffold. Infiltration is an easy and production friendly way to enable the formation of
active particles onto the backbone without significantly changing the current SOFC
manufacturing process or adding too much cost. Therefore, SCO-based materials infiltrated
cathode are prepared and evaluated to examine their suitability for commercial SOFC.
Overall, the goals of this dissertation can be summarized as below,
•

Obtain detailed local structure information at elevated temperatures for these
doped-SCOs,

•

Establish the structure-activity relationships,

•

Evaluate the cathode performance in an engineering-feasible way in SOFCs.
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CHAPTER 2

Y-DOPED SrCoO3-δ AS CATHODE FOR SOLID OXIDE FUEL CELLS

2.1 Introduction
The oxygen-deficient SrCoO3--based perovskites have been extensively studied in the past
for their extraordinary oxygen reduction/evolution (ORR/OER) activities7, 74-79. Recently,
a new type of ordered perovskite Sr0.7R0.3CoO3-δ (SRC30, R=Y 80-81, Ho

82-83

) have been

proposed as an ORR active material operated on Co3+/Co2+ redox couple rather than the
common Co4+/Co3+ as in La1-xSrxCoO3- with high electronic and oxygen-ion conduction
above 600 oC. Goodenough et al. reported that the polarization resistance of Sr0.7Y0.3CoO3δ

(SYC30) in a solid oxide fuel cell (SOFC) is 0.11 Ω cm2 and the maximum power density

reaches 927 mW cm-2 with a 300-μm thick LSGM (La0.8Sr0.2Ga0.83Mg0.17O2.815)-supported
single cell at 800 oC.81 The performance of Sr0.7Ho0.3CoO3-δ (SHC30) as a SOFC cathode
is very close to that of SYC30 with a polarization resistance of 0.14 Ω cm2 and power
density of 756 mW cm-2 under the same conditions.83 Resolved by Synchrotron X-ray
Diffraction (SXRD) and Neutron Diffraction (ND),80-82, 84-86 the room temperature (RT)
crystal structure of SRC30 is shown in Figure 2.1 (a), consisting of alternate corner-sharing
layers of (Co1O4/Co1O5) and Co2O6 polyhedra with a new type ordering of oxygen
vacancies (Vo∙∙ ) and a larger tetragonal unit cell, 2a2a4a (a: cell parameter of cubic
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perovskite, space group I4/mmm, #139). The four O4-sites in the Co1-layer can only be
quarter-occupied because of their close proximity.80 The structures of SRC30 at high
temperatures have also been studied by ND 81-82. However, the refined structures by these
studies contain the O4-site with an occupancy of ~0.4, which is physically impossible. In
addition, Y2O3 was also found as a minor impurity in SYC3080-81, but the impact of this
second-phase on the parent composition has not been discussed.80-81

Figure 2.1 Unit cell of RT crystal structure of (a) SYC30 (S.G I4/mmm)
and (b) SYC10 (S. G. P4/mmm).

Previously, we have reported a systematic study on temperature-dependent crystal
structure, oxygen stoichiometry, and electrical/electrochemical properties of Sr0.7Y0.1CoO3δ

(SYC10) as an active ORR catalyst by in situ ND and electrochemical impedance

spectroscopy.87 The study found that SYC10 as shown in Figure 2.1 (b) also crystalizes
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into a tetragonal structure at RT, but with a smaller unit cell aa2a and a different space
group (P4/mmm, #123). Like SYC30, SYC10 contains corner-sharing polyhedra of
oxygen-saturated Co2-layer and oxygen-deficient Co1-layer, alternatively stacked along
[001] direction. The difference, however, is that the polyhedra in SYC30 are tilted, while
those in SYC10 are not. This structural difference is represented by the new atomic
positions of Sr/Y (Sr2/Y2, Sr3/Y3) and O (O4) appeared in SYC30.
The focus of this chapter is to describe acquisition of the important structural
properties of SYC30 at high temperatures by ND and Rietveld refinement, and present a
deeper understanding of the structure.88-89 The obtained structural information such as
crystal symmetry, local atomic positions, cobalt oxidation states, oxygen occupancies of
SYC30 are then closely compared with those of SYC10, from which those key structural
differences determining oxide-ion transport as well as ORR activity are identified. The
ORR polarization resistance and fuel cell performance of SYC30 are finally characterized
and compared with SYC10, by which the structure-activity relationships are established
for the SYC-based materials.
2.2 Experimental
•

2.2.1 Sample synthesis

The SYC30 were prepared by solid-state reaction method. Stoichiometry amounts of
SrCO3 (≥99.9%, Aldrich), Co3O4 (99.7%, Alfa Aesar) and Y2O3 (99.9%, Alfa Aesar) were
first weighed, mixed, ball-milled in ethanol for 3 h, dried and pelletized. To make the phase
as pure as possible, we adopted two calcination steps: 1) 1000 oC for 12 h; 2) 1050 oC for
another 12 h. Between each calcination, the pellets were broken up and ball-milled for 3 h.
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The final products were obtained by burying in the same powder and sintering at 1230 oC
for 10 h.
•

2.2.2 In-situ Neutron diffraction

In-situ Neutron diffraction (ND) experiments were conducted at VULCAN, the time-offlight Engineering Diffractometer at the Spallation Neutron Source in Oak Ridge National
Laboratory.90-91 ND was performed from RT to 900 oC on pellet samples (17 mm in
diameter and 10 mm thick) to ensure strong diffraction intensity. A 5×10×5 mm3 beam
gauge volume was determined by the incident slits and receiving collimators. Diffraction
data were collected continuously from each sample contained in an MgO crucible inside
an air-ambient furnace during heating and cooling. The heating rate was 10 oC min-1 below
300 oC and 5 oC min-1 between 300 and 900 oC, while the cooling rate was 10 oC min-1from
900 oC to ca. 150 oC. During heating, the sample was held at RT for 1 h, 300 oC for 3 h,
500 oC for 2h, 700 oC for 2h and 900 oC for 2h. Only the last 1-h data (total neutron counts
of 4×106) at each isothermal holding stage were used for the Rietveld refinement. The
refinement was conducted with GSAS program/EXPGUI interface.92-93 A refinement
typically started with trials and errors using the model-free Le Bail method.94 The
background was fitted with a shifted Chebyshev polynomial function. The Pseudo-Voigt
function with Finger-Cox-Jephcoat correction was used for peak profile asymmetry
correction. The DIFA (one of the three parameters defining the relationship between
measured time-of-flight and d-spacing92), unit cell, background and profile parameters
obtained from Le Bail fitting were used as the initial inputs in Rietveld refinement and kept
fixed at the first stage. Scaling factors, atomic positions, isotropic thermal displacement
parameters and absorption coefficients were then refined separately. Following that, all the
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fixed parameters were released and refined together. Oxygen occupancies were the
outcomes of the final several runs. The oxygen stoichiometries were calculated from
occupancies and site multiplicities. The temperature-independent DIFA and absorption
coefficients were fixed at a same value for the measured temperature range. All the
structural models are drawn with Vesta 3.0.95
•

2.2.3 Iodometric titration

The initial oxygen stoichiometry (3-) at RT was also determined by iodometric titration
in addition to the Rietveld refinement of ND data. A 30-ml diluted HCl solution (1 M) was
first purged with pure N2 to eliminate the dissolved O2 and Cl2. A 50-mg powder was then
dissolved in above solution under the bubbling N2, after which 10-ml, 0.2M KI solution
was added to reduce Co3+/4+ to Co2+ and release elementary iodine shown in reaction (2-1).
A 0.01-M Na2S2O3 solution was then added dropwise to react with elementary iodine
produced via reaction (2-2). Several drops of saturated starch solution were used to indicate
the titration endpoint by a sudden color change.
Co ( 2+ n )+ + nI − = Co 2+ +

n
I2
2

I 2 + 2S2O32− = 2 I − + S4O62−

(2-1)
(2-2)

The concentration of the Na2S2O3 solution was predetermined by dissolving 25 mg
K2Cr2O7 powder in a diluted HCl solution under N2. A 10-ml, 0.2 M KI solution was then
3+
added into the solution, where Cr2 O2−
by KI via
7 is expected to be fully reduced to Cr

reaction (2-3). The produced elementary iodine was titrated with Na2S2O3 solution. The
concentration of Na2S2O3 and the average Co-ion oxidation state of the samples were then
calculated based on the charge balance between reaction (2-1), (2-2) and (2-3). The oxygen
stoichiometry can be then derived based on the charge neutrality.
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Cr2O72− + 6 I − + 14 H + = 2Cr 3+ + 3I 2 + 7 H 2O

•

(2-3)

2.2.4 Thermogravimetric analysis

A NETZSCH STA 448 TGA/DSC (Germany) thermal analyzer was used for
thermogravimetric analysis (TGA). Approximately 50-mg powder was placed in an
alumina crucible under a flow of 60 ml min-1 air. The sample was held first at a reference
state of 70 oC for 2 h to remove the absorbed H2O, followed by ramping the same
temperature regime as that used for ND. From the weight change, the oxygen stoichiometry
as a function of temperature can then be mapped out with the initial oxygen stoichiometry
from iodine titration.
•

2.2.5 Polarization resistance measurement

The polarization resistance of SYC30 as a cathode of solid oxide fuel cell was evaluated
with symmetrical cell consisting of SYC30/GDC20 (Gd0.2Ce0.8O2-δ, Fuel Cell
Materials)/SYC30 from 600 oC to 800 oC during heating in a step of 50 oC and a PO2 range
of 0.01 to 0.5 atm by electrochemical impedance spectroscopy (EIS). Cathode paste was
obtained by mixing SYC30 powder with V-006A (Heraeus) in weight ratio of 1:3. The
paste was then screen-printed on both side of 500 μm GDC20 dense pellet, followed by
firing at 1100 oC for 2 h. The effective electrode area was 0.712 cm2. Silver paste and silver
mesh were used as current collectors. EIS data were collected with 1470/1455B Solartron
electrochemical station in a frequency range of 0.01 Hz-1 MHz and AC amplitude of 10
mV. The EIS data were analyzed with equivalent circuit method by ZSimpWin_Demo
software.
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•

2.2.6 Fuel cell performance evaluation

Anode-supported cells with a GDC10+NiO as the anode, GDC10 as the electrolyte and
SYC30 as the cathode. To make the anode support, NiO (J.T. Baker), GDC10 and carbon
black (Fisher Chemical) in a weight ratio of 6:4:2 were first ball milled for 3 h with ethanol,
followed by drying, pelleting with 5 wt% PVB (Polyvinyl butyral, Sigma Aldrich) and
firing at 800 oC for 2 h. Thus obtained, partially sintered pellets were used as anode
substrates, on which a thin-film GDC10 electrolyte was deposited. The deposition of
GDC10 thin film was achieved by dip coating of a GDC10 suspension made in the
following steps: a 10-g GDC10 powder was first ball milled in 28.5-g ethanol solvent, 0.4g PVB binder, 0.3-g TEA (Triethanolamine, Alfa Aesar) dispersant, 0.37-g PEG600
(Polyethylene glycol-600, Alfa Aesar) and 0.37-g DBP (Dibutyl phthalate, Acros Organics)
plasticizer for 24 h. A 200-µL suspension (corresponding to 40 µm-thickness) was then
dropped on top of the anode substrate with a single-channel pipettor (100-1000 µL). The
bilayer strcuture was then dried at room temperature for 2 h before sintering at 1500 oC for
6 h. The cathodes and current collectors were finally coated on top of the sintered
electrolyte/anode in the same way as symmetrical cells. The effective cathode surface area
was 0.33 cm2. For fuel cell testing, a mixture of 3 vol% H2O/97 vol% H2 was supplied to
the anode surface as fuel at a flow rate of 100 mL/min, while cathode was exposed to static
air. Current-voltage (IV) as well as current-power (IP) curves were obtained from sweeping
the voltage from open circuit voltage (OCV) to 0.3 V at a sweep rate of 20 mV/s. The
measurements were taken isothermally at 600 and 700 oC.
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2.3 Results and discussion
•

2.3.1 Structural features of SYC30

The RT structures

Figure 2.2 The RT Rietveld refinement profile of SYC30.

The initial room-temperature (RT) structure model for the Rietveld refinement was taken
the same as Figure 2.1 (a) with S.G. I4/mmm.80 The refinement profile of ND patterns is
presented in Figure 2.2 with all structural parameters listed in Table 2.1. For every O4-site,
the structure is found to have four adjacent equivalent positions. Only one of these four
positions are physically allowed to be occupied, thus leading to the maximum O4-site
occupancy of 0.25. Therefore, the O4-occupany of 0.37 reported in ref.81 is questionable.
The value of 0.236 obtained in this work agrees well with 0.23 reported in ref.80 and is
within a reasonable range from a structural perspective. Since only one of the four adjacent
O4 positions is occupied, the polyhedra in the Co1 layer should be represented by two
Co1O5 pentahedra and two Co1O4 tetrahedra. Cation ordering has also been reported from
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synchrotron XRD and electron diffraction for close compositions to SYC30, where Y3+ is
determined to have a 9-coordination at Sr3-site.84-85 However, it is not possible to determine
the positions of Sr2+ and Y3+ with ND due to their close scattering lengths (7.02 fm for Sr2+
and 7.75 fm for Y3+).96 The much shorter Sr3-O shown in Table 2.2 seems to suggest the
Sr3-site preference for Y3+ as Y3+ has a smaller radius. A small amount of CoO and Y2O3
as second phases is also found in SYC30 by the refinement.
Table 2.1 Unit cell, atomic positions, occupancies, thermal displacement factors and
reliable factors determined from Rietveld refinement of SYC30, S.G. I4/mmm,
Z=16.
Parameters
a (Å)
c (Å)
V (Å3)

RT

300 oC

500 oC

700 oC

900 oC

7.6426(3) 7.6721(2) 7.6994(2) 7.7306(2) 7.7723(1)
15.3092(9) 15.4115(7) 15.4750(6) 15.5437(6) 15.6238(5)
894.21(9) 907.13(3) 917.38(3) 928.93(4) 943.81(5)

z
100×Uiso (Å2)
focc*

0.8798(4)
2.3(1)

Sr1/Y1 4e (0, 0, ~0.875)
0.8785(6) 0.8768(6)
2.9(2)
3.5(2)
0.7/0.3

0.8706(5)
3.4(2)

0.8688(4)
3.8(1)

z
100×Uiso (Å2)
focc*

0.8669(2)
1.08(7)

Sr2/Y2 8g (0, 1/2, ~0.875)
0.8670(3) 0.8674(3)
1.25(9)
1.8(1)
0.7/0.3

0.8693(3)
2.5(1)

0.8687(2)
2.48(6)

z
100×Uiso (Å2)
focc*

Sr3/Y3 4e (0, 0, ~0.375)
0.3512(3) 0.3520(3) 0.3528(4)
1.1(1)
1.4(2)
1.5(2)
0.7/0.3

0.3518(4)
1.9(1)

0.3508(3)
2.5(1)

x
100×Uiso (Å2)
focc*

Co1 8h (x=y; ~0.75, ~0.75, 0)
0.7470(6) 0.7474(7) 0.7472(8) 0.7497(7)
1.1(2)
1.2(2)
2.0(2)
2.6(3)
1.0

0.7535(7)
2.7(2)

100×Uiso (Å2)
focc*

1.1(2)

Co2 8f (1/4, 3/4, 1/4)
1.6(2)
1.5(2)
1.0
O1 16n (0, ~0.25, ~0.25)
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1.8(2)

1.9(2)

y
z
100×Uiso (Å2)
focc

0.2443(3)
0.2397(2)
1.11(5)
0.989(5)

0.2443(4)
0.2393(3)
1.10(8)
0.979(11)

0.2446(4)
0.2394(3)
1.66(7)
0.992(12)

0.2570(5)
0.2384(3)
2.0(1)
1.0*

0.2567(5)
0.2381(2)
2.25(4)
1.0*

x
z
100×Uiso (Å2)
focc

O2 16m (x=y; ~0.25, ~0.25, ~0.125)
0.2866(3) 0.2878(3) 0.2880(3) 0.2902(3)
0.1173(2) 0.1168(3) 0.1166(3) 0.1167(3)
2.71(8)
2.9(1)
3.2(2)
3.6(2)
0.997(8)
1.0*
0.958(17) 0.985(16)

0.2908(2)
0.1161(2)
3.9(7)
0.950(6)

y
100×Uiso (Å2)
focc

0.7212(5)
1.4(1)
0.966(9)

O3 8i (0, ~0.75, 0)
0.7232(7) 0.7228(8)
1.3(2)
1.5(2)
0.887(17) 0.874(18)

0.7521(10) 0.7518(10)
2.6(2)
3.1(1)
0.768(19)
0.764(8)

x
100×Uiso (Å2)
focc

0.4054(2)
2.2(7)
0.236(10)

O4 8j (x, 1/2, 0)
0.4219(23) 0.4242(22)
2.0(9)
2.1(4)
0.225(17) 0.236(14)

0.424(4)
2.2(6)
0.152(14)

x
100×Uiso (Å2)
focc

-

O4' 8j (x', 1/2, 0)
0.326(5)
0.321(4)
2.2(5)
2.4(8)
0.136(16) 0.150(13)

0.3197(35) 0.3211(19)
2.4(4)
2.5(5)
0.257(13) 0.269(10)

Rwp (%)
Rp (%)
χ2
*
Fixed.

3.82
2.86
7.86

Reliability factors
3.93
3.47
2.77
2.50
4.61
3.54

3.08
2.28
2.91

0.4273(30)
2.4(9)
0.137(10)

3.08
2.28
2.90

Table 2.2 Metal-oxygen lengths from Rietveld refinements for SYC30.
Bonds (Å)

RT

300 oC

500 oC

700 oC

900 oC

Sr1/Y1-O1(×4)

2.614(6)

2.610(8)

2.604(8)

2.611(7)

2.601(5)

Sr1/Y1-O2(×4)
Sr1/Y1-O3(×4)
Average

3.0978(28)
2.815(5)
2.842

3.1237(35)
2.831(7)
2.855

3.137(4)
2.862(8)
2.868

3.179(4)
2.778(8)
2.856

3.2048(26)
2.815(7)
2.874

Sr2/Y2-O1(×2)
Sr2/Y2-O1(×2)
Sr2/Y2-O2(×4)
Sr2/Y2-O3(×2)

2.545(4)
2.7588(34)
2.7416(5)
2.648(4)

2.556(4)
2.779(5)
2.7546(7)
2.670(5)

2.568(5)
2.791(5)
2.7645(7)
2.675(5)

2.516(6)
2.769(5)
2.7769(7)
2.815(7)

2.522(4)
2.783(4)
2.7943(6)
2.835(6)
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Average

2.687

2.703

2.713

2.731

2.746

Sr3/Y3-O1(×4)
Sr3/Y3-O2(×4)
Sr3/Y3-O4(×1)
Sr3/Y3O4'(×1)
Average
Co1-O2(×2)
Co1-O3(×2)
Co1O4/O4'(×1)
Average
Co2-O1(×4)
Co2-O2(×2)
Average

2.531(4)
2.3564(30)
2.390(6)

2.556(6)
2.352(4)
2.356(9)

2.575(6)
2.357(4)
2.360(8)

2.656(7)
2.345(4)
2.377(11)

2.661(5)
2.3570(28)
2.399(7)

-

2.639(28)

2.712(25)

2.693(15)

2.715(8)

2.438
1.8323(33)
1.944(4)

2.463
1.840(4)
1.947(5)
2.297(12)/
1.976(14)
1.943
1.9256(3)
2.093(4)
1.981

2.480
1.844(5)
1.955(5)
2.298(14)/
1.952(13)
1.945
1.9323(4)
2.106(5)
1.990

2.507
1.866(5)
1.935(6)
2.352(21)/
2.004(11)
1.956
1.9418(4)
2.118(5)
2.001

2.519
1.879(4)
1.916(6)
2.420(16)/
2.053(8)
1.965
1.9527(3)
2.139(4)
2.015

2.218(9)/1.954
1.9177(3)
2.0693(33)
1.968

High temperature (HT) structures
The evolution of 2-D and 3-D intensity contour plots of ND patterns from 300 to 900 oC is
shown in Figure 2.3 (a) and (b), respectively. Figure 2.4 shows refinement profiles of ND
patterns, and Table 2.1 summarizes the detailed structural parameters as a function of
temperature. Overall, the structural symmetry remained unchanged (S.G. I4/mmm)
throughout the temperature range (RT-900 oC) studied. The refinement of O4-site
occupancy gives values higher than ca. 0.35 for all the ND patterns. As mentioned earlier,
the short interatomic distance between adjacent O4 only allows an O4-occupancy ≤ 0.25.
The higher occupancies at higher temperatures might imply additional nuclear density
distribution near the O4-site. To test this hypothesis, we split the O4-site into two positions
O4 (~0.375, 0.5, 0) and O4' (~0.25, 0.5, 0) and obtained improved reliability factors (i.e.
3.08 vs 3.28 for Rwp% at 700 oC), see Table 2.1. Figure 2.5 of Fourier observed nuclear
density map further shows that the nuclear densities around O4-site spread over a larger
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area toward the unit cell edges along a or b axis as temperature increases. The temperatureinduced shift in nuclear density of O4 with respect to the original position at RT suggests
that Co1 prefers a coordination environment with oxygen closer to octahedra Co1O6.
Furthermore, the progressive spread-out of O4 (or O4’) nuclear density with temperature
shown in Figure 2.5 also signals an increased oxygen mobility, which may play an
important role in oxygen-ion conduction.

Figure 2.3 The 2D (a) and 3D (b) intensity contour plots of ND during
heating and cooling.

Figure 2.4 Rietveld refinement profiles of ND data at (a) 300, (b) 500, (c) 700
and (d) 900 oC.
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Figure 2.5 Fourier observed nuclear density map for (001) plane at an iso-surface level
of 5% maximum.

As listed in Table 2.2 and plotted in Figure 2.6, all the Co-O bond lengths increase
with temperature except for Co1-O3, where a decrease is observed above 500 oC. A
possible reason for the decrease is the progressive “migration” of O4 (O4’) toward cell
edges, which alters the positions of the neighboring Co1 or O3 and thus shortening the
Co1-O3 bond length. Those two Co2-O2 bonds are shorter than the four Co2-O1 bonds in
ab plane of Co2O6 octahedra. This tetragonal distortion is likely the result of an
intermediate-spin (IS) state of Co3+ at Co2-site induced by a strong repulsion between Co𝑑𝑧 2 electron and O-2p electron.81, 87, 97

Figure 2.6 Evolution of the Co-O bond lengths with
temperature.
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Oxygen vacancies (𝑉𝑜∙∙ ) distribution and transport pathway
To understand the distribution of oxygen vacancies over O-site and their transport
pathways, we plot oxygen occupancy as a function of temperature and create a structural
view along b-axis of Co-O layer in Figure 2.7. As is seen from Figure 2.7 (a), the O-sites
at Co2-ion, i.e. O1 and O2, are almost fully occupied from RT to 900 oC. This suggests the
Vo∙∙ transport along c-axis is completely blocked since no charge carriers are available in the
entire O1-Co2-O1-plane, see Figure 2.7 (b). Most of Vo∙∙ populates on Co1-polyhedra
containing O4/O4- and O3-site. Such a Vo∙∙-distribution pattern infers a likely 2D diffusion
pathway for oxygen between O3 and O4/ O4 in the ab plane, which is consistent with the
findings in Sr0.7Ho0.3CoO3-δ82 and Sr0.8Y0.2CoO3-δ

98

. The delocalization of O4 to O4

facilitates Vo∙∙ -transport in this 2D pathway as the O3-O4 distance is shorter than O3-O4
(3.15 Å vs 3.81 Å at 700 oC, for example). On the contrary, a molecular dynamics (MD)
study on Sr0.75Y0.25CoO3-δ, using a structure model, in which O1, O2, O3 are fixed at a fully
occupied state and O4 is ignored, shows that the exchange between O3 and O4 is very
limited even at high temperatures.99 Instead, the MD model suggests that O2 is increasingly
distorted along [111] direction towards the neighboring O4-site with increasing
temperatures and substantial exchange between O2 and O4 may take place. Figure 2.8
indeed shows an increasing deviation from the ideal 180o of Co1-O2-Co2 angle with
temperature, which brings O2 closer to O4 with a shortened bond length between O2 and
O4, e.g. O3-O4 (3.81 Å) > O3- O4 (3.15 Å) > O2-O3 (2.90 Å) > O3-O3 (2.71 Å) > O2O4 (2.64 Å) > O2-O4 (2.44 Å) at 700 oC. However, since O2-site is slightly oxygen
deficient as shown in Figure 2.7 (a), the second possible Vo∙∙ transport pathway in the ab
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plane is O2-O4/O4-O2. The delocalization of O4 to O4 also supports this Vo∙∙ migration
pathway.

Figure 2.7 (a) Occupancies of various oxygen-sites; (b) unit cell containing only Co-ions
and oxygen-ions along the b-axis.

Figure 2.8 Bond angle of Co1-O2-Co2 vs temperature. The kink of
Co1-O2-Co2 angle at 500 oC is probably caused by the same reason
with the decrease of Co1-O3 bond lengths above 500 oC shown in
Figure 2.6 as the O4-delocalization affects the position of neighboring
Co1.
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Oxygen stoichiometry and Co-ion oxidation states

Figure 2.9 TGA curves under air following the same temperature regime
with ND.

The original TGA curve of SYC30 is shown in Figure 2.9. The (3-) values and
oxidation states of Co-ions obtained from both TGA and ND refinement are shown in
Figure 2.10 as a function of temperature. The actual values of (3-) and Co-ion oxidation
states at different temperatures are listed in Table 2.3 for both SYC30 and SYC10 for
comparison purpose. There are a few trends observed: 1) A slow oxygen uptake is observed
from RT to ca. 300 oC, consistent with the previous results on Nb-doped SCO.58, 97 The (3) decreases at higher temperature due to the break of metal-oxygen bonds and the release
of oxygen gas into the surrounding atmosphere. 2) (3-) determined by TGA is consistent
with the reported values of 2.62

80

or 2.63

81

, and systematically higher than those from
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ND, which has also been observed in other studies

100-101

; 3) SYC30 has a higher (3-),

meaning less oxygen vacancies than SYC10, while the average Co-ion oxidation state of
SYC10 is higher at <700 oC, but becoming very close to those of SYC30 at 700 oC.
To understand the above trending, the bond valence sums (BVS) were calculated to
evaluate the valence state of Co-ions in their local coordination environment and the results
are listed in Table 2.4 for both SYC30 and SYC10 for comparison purpose. Due to the
positional proximity of O4 in SYC30, we consider the Co-O coordination at RT in either
tetrahedra Co1O4 with two O2 and two O3, or pentahedron Co1O5 with two O2, two O3,
one O4. At higher temperatures, Co1 is more likely to coordinate in Co1O 5 with half O4,
half O4, two O2 and two O3 because of their closer physical proximity and low
occupancies. These BVS results confirm that Co2+/3+ has a preference at both Co1- and
Co2-site. As for SYC10, a mixed oxidation state of Co2+/3+ on the Co1-site and Co3+/4+ on
the Co2-site is apparent as indicated by their BVS values.

Figure 2.10 (a) Oxygen stoichiometry and (b) Co-ion oxidation states determined from
both ND and TGA. The initial RT value is taken from iodine titration for TGA-oxygen
stoichiometry curve. The dashed lines in (a) and (b) are taken from ref.87
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Table 2.3 Co-ion oxidation-state and oxygen
stoichiometry (in parenthesis) at different
temperatures. Values for SYC10 are taken from
ref.87.
T (oC) TGA

RT
300
500
700
900

SYC30
+2.96
(2.63)
+2.98
(2.64)
+2.96
(2.63)
+2.94
(2.62)
+2.88
(2.59)

ND
SYC10
+3.06
(2.58)
+3.12
(2.61)
+3.04
(2.57)
+2.94
(2.52)
+2.86
(2.48)

SYC30
+2.88
(2.59)
+2.90
(2.60)
+2.86
(2.58)
+2.84
(2.57)
+2.78
(2.54)

SYC10
+2.98
(2.54)
+3.08
(2.59)
+3.00
(2.55)
+2.82
(2.46)
+2.62
(2.36)

Table 2.4 Bond valence sums of Co-ions.
Ions
Co1

SYC30

SYC10
SYC30
Co2
SYC10

RT
2.50 (Co1O4)
2.75(Co1O5)
3.00
3.04
3.82

300 oC 500 oC 700 oC 900 oC
2.80

2.79

2.71

2.68

2.91
2.94
3.75

2.87
2.88
3.62

2.76
2.80
3.57

2.71
2.70
3.37

Thermal expansion

Figure 2.11 (a) Lattice parameters and (b) linear thermal expansion fitting vs
temperature. The dash lines correspond to SYC10 taken from ref.87
48

The lattice parameters of SYC30 and SYC10 vs temperature are shown in Figure 2.11 (a),
where the former is expectedly smaller than the latter due to smaller Y3+ radius than Sr2+.
The thermal expansion along the c-axis of SYC30 and SYC10 shown in Figure 2.11 (b) is
almost linear, while that along a-axis is nonlinear with a greater expansion at higher
temperatures when additional oxygen loss leads to additional chemical expansion. The
linear thermal expansion coefficients () for SCY30 along a- and c-axis are 15.5 and
22.910-6 K-1 (RT to 500 oC) and 23.8 and 24.310-6 K-1 (500 to 900 oC), respectively. The
average  from 500 to 900 oC calculated by

2𝑎 +𝑐
3

is 24.010-6 K-1; these values are lower

than that of Sr0.9Y0.1CoO3-δ (30.610-6 K-1 in 500-900 oC)87 shown in Figure 2.11 (b) and
other doped SrCoO3-δ, such as SrCo0.9Nb0.1O3-δ (31.210-6 K-1 in 500-900 oC)97.
•

2.3.2 Structure vs ORR activity

For mixed ionic and electronic conductors (MIECs) like SYC-series, the ORR activity is
determined by the rate of surface oxygen exchange and bulk diffusion, both of which are
closely related to the concentration and mobility of oxygen vacancies, the mobile defect in
SYC-based MIECs.102, 33-35, 40 The theoretical first-principles calculations show that the
energy gap between O-2p center and Fermi energy is a key descriptor for ORR activity of
a perovskite oxide.48-50 When an oxygen vacancy moves to its adjacent position, the O-2p
center at the original position is decreased with respect to the metal-3d band, accompanied
by an increase in Fermi energy. The motional enthalpy for such a migration is related to
the number of electrons interchanged between the Fermi level and O-2p band level. Crystal
structure is the decisive factor for the above energetics. Below we focus on comparing the
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structural difference between SYC10 and SYC30 and its implications on the oxide-ion
transport.
Structural differences between SYC10 and SYC30

Figure 2.12 Co1- and Co2-polyhedrons in
the unit cell of (a) SYC10 and (b) SYC30
(viewed from an arbitrary direction).

As indicated in Figure 2.1, both SYC10 and SYC30 have corner-sharing polyhedra in an
arrangement such that oxygen-saturated Co2-polyhedra and oxygen-deficient Co1polyhedra are alternatively stacked along [001] direction. However, the polyhedra in
SYC10 does not tilt, while those in SYC30 are tilted around a- and b-axis (a+a+c0), as
shown in Figure 2.12.
Another major structural difference is the oxygen distribution in the oxygendeficient layer [Co1 layer, (001) plane]. Figure 2.13 (a) shows that oxygens are
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symmetrically distributed around Co1 in SYC10, whereas Figure 2.13 (b) shows
asymmetrically distributed oxygen atoms around Co1 in SYC30 as indicated by the large
deviation from 90o of O3-Co1-O3 angle and O4 being closer to a central area. At a higher
temperature, for example 700oC, the oxygen arrangement in SYC30 becomes close to that
of SYC10, since more nuclear densities gradually shift from O4 to O4 while the O3-Co1O3 angle is decreased to near 90o by thermally activated atomic movements.

Figure 2.13 (a) oxygen-deficient layer of SYC10
and (b) oxygen-deficient layer of SYC30 at RT
and 700 oC viewed along c-axis.

As aforementioned, Vo∙∙ are mostly populated around Co1, which is coordinated
with O3 in SYC10 but with O3, O4, O4 in SYC30. It is evident that the more
symmetrically arranged O3 would provide SYC10 with a much easier Vo∙∙ migration
pathway in Co1-(001) plane. In contrast, Vo∙∙ transport along c-axis in SYC30 is fully
blocked because O1-site in the neighboring Co2-(001) plane is fully occupied even at 900
o

C, which is compared to oxygen occupancy of 0.9 from RT to 900 oC in SYC10.87 The
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presence of Vo∙∙ at O1-site in SYC10 allows for oxide-ion conduction not only in Co1-(001)
plane, but also in the direction along c-axis through a path of O3-O2-O1-O3. On the other
hand, more Vo∙∙ are present in SYC10 than SYC30 according to TGA and ND data. Hence,
a higher oxide-ion conduction in SYC10 than SYC30 is expected.
Energy for oxygen migration

Figure 2.14 Average Co1-O blond length in SYC1087
and SYC30.

The above structural analysis reveals that oxygen-migration in SYC10 and SYC30 mainly
occurs within Co1-polyhedra. The similar BVS values of Co1-ions in Table 2.4 between
SYC10 and SYC30 suggest that their oxidation states are close to 2+/3+. On the other hand,
Figure 2.14 shows that the average Co1-O bond length in SYC30 is smaller than that of
SYC10, suggesting a stronger interaction between Co-3d and O-2p orbitals in SYC30.
With the knowledge of Co1 oxidation state and Co1-O bond length, a qualitative
molecular orbital energy diagram (without considering octahedral distortions for simplicity)
of Co1O6 in SYC10 and Co1O5 in SYC30 is illustrated in Figure 2.15. The Co1O5 in
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SYC30 is viewed as octahedra with one missing ligand on the top. The possible spin-states
5 1 81
4 2
of Co3+ are high-spin (𝑡2𝑔
𝑒𝑔 ) or intermediate-spin (𝑡2𝑔
𝑒𝑔 ). Co2+ is known to be very
5 2
stable in its high-spin state (𝑡2𝑔
𝑒𝑔 ), which is also used in Figure 2.15.81, 103-104 The energy

changes for forming σ and π bonds are greater for SYC30 because of the stronger
interactions, resulting in a higher Fermi Level relative to O-2p band center than that of
SYC10. Hence, the oxygen migration energies are expected to be higher for SYC30, which
implies that the energy barrier for oxygen migration is higher in SYC30 than in SYC10.

Figure 2.15 Molecular orbital energy diagram for polyhedra in SYC10 and
SYC30. eσ and eπ are the orbital energy changes at maximum overlap for σ
and π bonds, respectively.

•

2.3.3 Secondary phase issue

The refinement of ND patterns suggests Y2O3 and CoO as two possible second phases in
SYC30. The space group of Y2O3 is Fm-3m,105 while it is C2/m and Fm-3m below and
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above 305K, respectively, for CoO.106 Table 2.5 lists the compositions of these phases
obtained from Rietveld refinement of ND data, with the detailed structural parameters for
Y2O3 and CoO listed in Table 2.6. The refined composition of SYC30 is temperaturedependent, but very close to the nominal one, e.g. Sr0.7Y0.27Co0.94O3-δ (500 oC),
Sr0.7Y0.28Co0.98O3-δ (700 oC), and Sr0.7Y0.28CoO3-δ (900 oC). The deficiencies in Y and Co
indicate Y2O3 and CoO precipitating out as a second phase. The less deficiency at higher
temperatures suggests that the solubility of Y2O3 and CoO in SYC30 becomes higher at
higher temperatures. It is interesting to note that the amount of CoO peaks at 300 oC
coincides with the maximum oxygen content observed from the TGA curve shown in
Figure 2.9. It seems that the oxygen content in SYC30 is closely related to the precipitationdissolution of CoO as temperature changes. In addition, Figure 2.16 (a) suggests that the
precipitation-dissolution process of CoO is reversible since the CoO (220) peak at 300 oC
is reproducible during the heating and cooling cycle. The precipitation of Y2O3 and CoO
from SYC30 has also been observed by SEM (BSE mode), as shown in Figure 2.16 (b).
The EDS analysis indicates that the bright and dark phases are Y2O3 and CoO, respectively.
Table 2.5 Phase compositions (wt. %) from RT to
900 oC.
Phase

RT

SYC30 95.5
Y2O3
1.8
CoO

2.7

300 oC 500 oC 700 oC 900 oC
94.2
1.7

95.9
1.6

98.1
1.3

98.7
1.3

4.1

2.5

0.6

0

Table 2.6 Structural parameters from Rietveld refinement of ND patterns for Y2O3 and
CoO.
Parameters

300 oC

RT
Y2O3
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500 oC

700 oC

900 oC

space group
a (Å)
atomic position
space group

Fm-3m
5.2914(7)

5.303(1) 5.316(1) 5.330(1) 5.340(1)

Y 4a (0, 0, 0)
O 8c (1/4, 1/4, 1/4), three-quarter occupied
CoO
C2/m

Fm-3m

a: 5.198(6)
b: 3.015(3)
Lattice constant (Å or o)
4.231(1) 4.242(1) 4.255(1)
c: 3.017(3)
β: 125.30(7)
Co 2a (0, 0, 0)
Co 4a (0, 0, 0)
atomic position
O 2d (0, 1/2, 1/2)
O 4b (0, 1/2, 1/2)

-

Figure 2.16 (a) The ND patterns over a selected range of d-spacing at 300 oC during
a heating and cooling cycle; (b) BSE image of SYC30. The insert shows the EDAX
spectra of three areas of interest.

•

2.3.4 Electrochemical performance

To establish the structure-activity relationships, electrochemical measurements were
carried out to evaluate the ORR activity of SYC30 and compared with SYC10.
Determination of rate limiting steps for ORR
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Figure 2.17 Nyquist plots of symmetrical cell from
0.01 to 0.5 atm at 650 oC.

The 𝑃𝑂2 dependence of the area-specific polarization resistance (Rp) of SYC30 was
measured from 600 to 800 oC, aiming to understand the oxygen reduction kinetics. Rp
typically follows the power law with PO2 for an oxygen reduction reaction (ORR)107:
R p  ( PO2 ) − m

(2-4)

The value of m indicates the rate-limiting step:
(1) m=1, 𝑂2 (𝑔) → 𝑂2, 𝑎𝑑𝑠 , oxygen molecule adsorbs on the cathode surface.
(2) m=0.5, 𝑂2, 𝑎𝑑𝑠 → 2𝑂𝑎𝑑𝑠 , adsorbed oxygen species dissociates into oxygen atoms.
(3) m=0.25, 𝑂𝑎𝑑𝑠 + 2𝑒 ′ + 𝑉𝑜∙∙ → 𝑂𝑜× , oxygen atoms are reduced by electrons and
vacancies to become lattice oxygen, which is also known as charge-transfer process.
2−
2−
(4) m=0, 𝑂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
→ 𝑂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
, oxygen-ion migrates from cathode into electrolyte.

The typical Nyquist plots obtained under different PO2 at 650 oC are shown in
Figure 2.17. The plots consist of a high-frequency semicircle (Rp, high) and a low-frequency
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semicircle (Rp, low), except for >700 oC where no RP, low can be observed. A plot of log Rp
vs log Po2 is shown in Figure 2.18 (a), where the m values for Rp, low from 600 to 700 oC
are close to 0.5, suggesting oxygen dissociation as the rate-limiting step (Step-2). For Rp,
high, the

m values are close to 0.25 from 600 to 800 oC, suggesting charge-transfer process

(Step-3) is rate-limiting. A comparison of Rp, high and Rp, low in Figure 2.18 (b) indicates that
RP of SYC30 is dominated by Rp, high, which suggests that the ORR kinetics is rate-limited
by the charge-transfer process. For SYC10, a different kinetics was observed, in which the
ORR kinetics is primarily limited by charge-transfer process at 600-650 oC and oxide-ion
migration from cathode to electrolyte at 700-800 oC.87 The total Rp at 0.2 atm is also
compared in Figure 2.18 (b). SYC10 shows a much lower Rp than SYC30, but both are
lower than other popular cathodes, such as BSCF108, SCN1058. This experimental
observation supports the ORR-activity prediction discussed in Section 3.2 based on
structural and transport-pathway analysis.

Figure 2.18 (a) PO2 -dependence of polarization resistance; (b) polarization resistance
at PO2 =0.2 atm.
Fuel cell performance
The fuel cell performance with SYC30 as the cathode was evaluated in an anode-supported
single cell Ni-GDC/GDC/SYC30. Figure 2.19 shows the current-voltage and -power
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characteristics at 600 oC and 700 oC. The open circuit voltages are 0.84 (600 oC) and 0.76
V (700 oC), respectively, typical for ceria-based cells.109 The cell exhibits a maximum
power density of 0.914 and 0.314 W cm-2 at 700 and 600 oC, respectively. On the other
hand, the same single cell configuration with SYC10 cathode shows a much better
performance with a peak power density of 1.495 and 0.408 W cm-2 at 700 and 600 oC,
respectively. Again, this experimental result supports the ORR-activity prediction
discussed in Section 2.3.2 based on structural and transport analysis.

Figure 2.19 Voltage and power density dependence on
current density of anode-supported single cell with
SYC30 or SYC10 as cathode at 600 oC and 700 oC.

2.4 Conclusion
The crystal structure of Sr0.7Y0.3CoO3-δ (SYC30) determined by in-situ neutron diffraction
contains alternate, tilted polyhedra of oxygen-deficient Co1-layer and oxygen-saturated
Co2-layer in a new ordered perovskite lattice with a large unit cell (2a×2a×4a) and I4/mmm
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space group. It is revealed that Co2+ and Co3+ prefer occupying Co1-site and Co2-site,
respectively; Vo∙∙ is mostly populated within Co1-polyhedra coordinating with O4/O4, O3,
and O2. In contrast, Co2-polyhedra (octahedra) contain fully occupied O1 and O2 from RT
to 900 oC. The way how Vo∙∙ is distributed in SYC30 infers a 2D diffusion pathway in ab
plane around Co1. Fourier observed nuclear density map further suggests that the nuclear
density of O4-site expands with temperature in the ab plane; such a gradual delocalization
of O4 implies an increased oxygen mobility. In comparison, SYC10 has a more
symmetrical structure and Vo∙∙ distribution, and higher Vo∙∙ concentration. Molecular orbital
energy analysis indicates SYC30 has a higher Fermi level relative to O-2p energy level in
the active Co1-polyhedra, and thus a higher motional enthalpy for Vo∙∙ migration. The
electrochemical measurements indeed confirm that SYC30 has a higher polarization
resistance and worse SOFC performance than SYC10. Overall, this study illustrates how
the structural parameters affect the activity of a mixed oxide-ion and electron conductors
in electrochemical cells.
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CHAPTER 3

Nb-DOPED SrCoO3-δ AS CATHODE FOR SOLID OXIDE FUEL CELLS

3.1 Introduction
Nb2O5 is the most studied dopant for the SCO system (collectively denoted as SCN) to
stabilize the ORR-active cubic structure for IT-SOFCs and oxygen separation membranes
applications.58, 110-118 Our previous work indicates that SrCo0.9Nb0.1O3- (denoted as SCN10
hereinafter) has a good thermal stability below 700 oC and ~8× lower polarization
resistance than the state-of-the-art cathode (La0.60Sr0.40)0.95(Co0.20Fe0.80)O3-δ (LSCF) at 600
C, 0.75 Ω cm2 vs 6.00 Ω cm2.58 The maximum power density with SCN10 as a cathode

o

on 20-µm thick Sm-doped CeO2 (SDC) electrolyte supported on a SDC-Ni anode can reach
1,008 mW cm-2 at 600 oC,113 indicating the intrinsically high activity of SCN10 for ORR.
Despite the promising results, a thorough understanding of the structurestoichiometry relationship and transport properties in the SCN system, particularly at
elevated temperatures, is still lacking. Yoo, et al. studied the crystal structure of SCN10
with room-temperature (RT) Neutron Diffraction (ND) and high-temperature X-ray
diffraction (HTXRD);69 the latter HTXRD revealed that the crystal symmetry transforms
from tetragonal (P4/mmm) to 3C-cubic (Pm-3m) at 160 oC. Other powder RTXRD studies
have also reported similar symmetries in SCN10 viz. 3C-cubic (Pm-3m)68,114,115-116 and
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tetragonal (P4/mmm)58, 69. However, XRD cannot provide accurate information on the
oxygen positions/occupancies because the scattering contribution of oxygen to the total
Bragg scattering is much weaker than that of cations. On the other hand, the neutron
scattering length (b) of oxygen (bO=5.803 fm) is comparable to those of cations (bSr=7.020
fm, bCo=2.490 fm, and bNb=7.054 fm),96 making neutron diffraction advantageous in
determining oxygen positions, occupancies, coordination and polyhedral distortion. The
previously reported ND studies of SCO-based materials were all conducted at RT,112 which
provides limited structural information for high-temperature applications of this class of
materials.
Following our previous work on the electrochemical characterization of SCN
materials showing excellent ORR/OER performance,58 in this chapter a systematic study
of structure-stoichiometry-temperature relationship using in-situ neutron diffraction (ND)
combined with thermogravimetric analysis (TGA) is reported. No single cell performance
was reported here due to the specific focus of this study on structural evolution with
temperature and the fact that large amount of cell performance data using SCN as a cathode
are available in the literature.110, 112-113, 116-117
3.2 Experimental
•

3.2.1 Sample synthesis

SrCo0.9Nb0.1O3- (denoted as SCN10) was prepared by traditional solid-state reactions.
Briefly, stoichiometry amounts of SrCO3 (≥99.9%, Aldrich), Co3O4 (99.7%, Alfa Aesar)
and Nb2O5 (99.9%, Alfa Aesar) were mixed by ball-milling in ethanol for 3 h, dried and
pressed into pellets, followed by calcination at 1000 oC for 12 h with 3 oC min-1 heating
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and cooling rates. The pellets were then broken up and ball-milled and calcined again at
1050 oC for another 12 h. The final pellet was buried in the powders and sintered at 1230
o

C for 10 h to ensure phase purity and homogeneity.
•

3.2.2 X-ray powder diffraction

The phases were first examined at RT using a powder X-ray diffractometer (Rigaku
MiniFlex Ⅱ) with graphite-monochromatized Cu-Kα radiation (λ=1.5418 Å) over a 2θ
range of 20–80o in a step size of 5o min−1.
•

3.2.3 In-situ neutron diffraction

In-situ neutron diffraction (ND) experiments were conducted on VULCAN, the time-offlight Engineering Diffractometer at the Spallation Neutron Source in Oak Ridge National
Laboratory.90, 119 Pellet samples (~17 mm in diameter and ~10 mm thick) were used for
obtaining strong diffraction intensities. A 5×10×5 mm3 beam gauge volume was
determined by the incident slits and receiving collimators. The ND data were collected
continuously during both heating and cooling between RT and 900 oC with the samples
being contained in an MgO crucible inside an air-ambient furnace. The heating rate was 10
o

C min-1 below 300 oC and 5 oC min-1 between 300 and 900 oC, while the cooling rate was

10 oC min-1. During heating, the samples were first held at 300 oC for 3 h, followed by
annealing for 2 h at each of the three elevated temperatures, i.e., 500, 700 and 900 oC. Only
the last 1-h data, collected with a total neutron counts of 4×106 at each isothermal holding
stage, were used for Rietveld refinement, which was implemented in the GSAS program
using the EXPGUI interface.93, 120 Typically, a refinement started with trial and error using
the model-free Le Bail method.94 The background was modeled with shifted Chebyshev
polynomial function (type 1 in EXPGUI) with 6 terms. Gaussian width parameters (σ1, σ2)
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and Lorentzian width parameter (γ1) were refined for peak profiles using the Pseudo-Voigt
function with Finger-Cox-Jephcoat asymmetry correction (type 3). The DIFA (one of the
three parameters defining relationship between measured time-of-flight and d-spacing),120
unit cell, background and profile parameters from Le Bail fitting were used as the initial
inputs in Rietveld refinement and kept fixed at the first stage. Scaling factors, atomic
positions, thermal displacement parameters and absorption coefficients were then refined
separately. Following that, all the fixed parameters were released and refined together.
Anisotropic thermal displacement factors and oxygen occupancies were the outcomes of
the final run. The temperature-independent DIFA and absorption coefficients were kept
fixed for all the measured temperatures for each sample.
•

3.2.4 Thermogravimetric analysis

To determine the absolute oxygen stoichiometry in the samples, we employed a NETZSCH
STA 448 TGA/DSC (Germany) thermal analyzer. Approximately 50 mg powder was
placed in an alumina crucible under a flow of 60 ml min-1 5%H2/95%N2. The sample was
held at a reference state of 70 oC (oxygen loss could happen at higher temperatures under
reducing atmosphere) for 2 h to remove the absorbed H2O or other species, followed by
ramping to 1000 oC and holding for 30 hours to allow a full reduction to SrO, Co and
SrNbO3.68 The absolute oxygen stoichiometry was calculated based on the mass difference
between the reference state and the reduction products. A separate second TGA
measurement was then conducted under the same temperature and conditions as during ND.
With the known total initial oxygen stoichiometry determined by the reduction experiment,
the oxygen stoichiometry in air as a function of temperature can then be mapped out
according to weight changes. There was a 2-h holding at 120 oC for the second TGA
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measurement to remove absorbed H2O, which had no influence on the determination of the
oxygen stoichiometry by ND.
•

3.2.5 Iodometric titration

In addition to TGA, the initial oxygen stoichiometry (3-) at RT was also determined by
iodometric titration. A ~50 mg of the powders was first dissolved in 30 ml diluted HCl
solution (1 M) under continuous N2 bubbling to avoid oxidation. A 10 ml 0.2M KI solution
was then added to reduce Co3+/4+ to Co2+. The Nb oxidation state was assumed to be fixed
at 5+. A 0.01 M Na2S2O3 was subsequently added dropwise to titrate the released
elementary iodine inside the above solution. A few drops of a saturated starch solution
were used to indicate the endpoint of titration. To predetermine the concentration of the
Na2S2O3 solution, ~25 mg K2Cr2O7 powders were dissolved in the diluted HCl solution
3+
with excessive 0.2 M KI solution. The Cr2 O2−
7 is expected to be fully reduced to Cr by

KI. Following the same procedure described, the produced elementary iodine was titrated
using the Na2S2O3 solution. The concentration of Na2S2O3 and the average Co-ion
oxidation state of the samples were then calculated based on the charge balance between
the following reactions. The oxygen stoichiometry can be then derived based on the charge
neutrality.
Co ( 2+ n )+ + nI − = Co 2+ +

n
I2
2

I 2 + 2S2O32− = 2 I − + S4O62−
O72− + 6 I − + 14 H + = 2Cr 3+ + 3I 2 + 7 H 2O
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(3-1)
(3-2)

(3-3)

3.3 Results and discussions
•

3.3.1 Phase evolution with temperature

The RT-XRD patterns for SCN10 are shown in Figure 3.1 and can be indexed by an a×a×2a
tetragonal superlattice (“a” denotes the lattice constant of a 3C-cubic perovskite unit cell)
using CMPR, a diffraction peak fitting/indexing software.121

Figure 3.1 Room temperature XRD pattern for SCN10.

The ND patterns measured in the range of RT-900 oC are shown in Figure 3.2. The
real-time phase evolution can be clearly visualized from the intensity contour plots. The
RT-ND patterns can be indexed in space group P4/mmm (No. 123) using the same unit cell
as determined by RT-XRD except for two peaks at d=2.34 and 1.78 Å, respectively. These
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two peaks disappear above 75 oC in Figure 3.2, which excludes the possibility of impurities.
It is unlikely that these two peaks belong to nuclear crystallographic Bragg reflections
resulting from a new superlattice since more diffraction peaks would be expected in such
a case. The brownmillerite phase SrCoO2.5 has been reported to exhibit a G-type
magnetically ordered structure from its Néel temperature (TN = 537K) down to 10 K.122
The later Rietveld refinements confirm that these two peaks are due to magnetic Bragg
scattering. The literature also suggests that Neel temperature SCO-based materials strongly
depends on oxygen stoichiometry and even strain level in thin film samples.66, 123
The accuracy of Néel temperature for the magnetic ordering could be influenced by
the faster temperature ramps below 300 oC (10 oC min-1). The second phase transformation
is observed at 412 oC, where the structural symmetry changes from tetragonal P4/mmm
(No. 123) to a simple 3C-type cubic perovskite with Pm-3m symmetry (No. 221). Again,
these two transition temperatures were determined under dynamic temperature conditions.
The cubic structure remains present all the way to 900 oC. Subsequent cooling reveals the
reappearance of the tetragonal P4/mmm structure at their original (or very close to) onset
temperatures, indicating that the phase transformation between P4/mmm and Pm-3m is
reversible. The sample demonstrates good thermal stability up to 900 oC under the dynamic
and atmospheric conditions specified. Our early high-temperature XRD (HTXRD) data
shows that a secondary phase Sr6Co5O15 emerges at >700 oC for SCN10 after being
tempered for an extended period (>5 h).58 The shorter holding time during the ND (2 h)
experiments could be responsible for not observing this phase. The time-dependent phase
composition has also been reported elsewhere, e.g. 1.3 wt% Sr6Co5O15 and 2 wt% Co3O4
were observed to segregate from a SCN10 matrix after annealing at 750 oC for 4 days.68
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Figure 3.2 The 2D (a) and 3D (b) intensity contour plots of
ND during heating and cooling. Region-1: Magnetic
ordering P4/mmm; Region-2: P4/mmm; Region-3: Pm-3m;
Region-4: P4/mmm. Each run represents a beam time of 5
minutes.

•

3.3.2 Rietveld refinement results

The Rietveld refinement plots of the RTND data is shown in Figure 3.3. Note that it is
necessary to model both nuclear and magnetic Bragg scattering when refining the RTND
patterns. The crystallographic space group P4/mmm with a×a×2a unit cell is used to
describe the nuclear structure with Sr at 2h (1/2, 1/2, z), Co1/Nb1 at 1a (0, 0, 1/2), Co2/Nb2

67

at 1b (0, 0, 0), and O1, O2, O3 at 2f (1/2, 0, 0), 2g (0, 0, z) and 2e (1/2, 0, 1/2), respectively.
The refinements must also consider the magnetic structure in which the Co-ions are
magnetically ordered in a G-type structure with a propagation vector k = (1/2, 1/2, 0). The
two types of Co-ions in the P4/mmm unit cell are antiferromagnetically coupled along the
c-axis. The 2a×2a×2a unit cell has to be used for the magnetic lattice refinement given the
ordered spin direction. The Shubnikov space group Cmmm is adopted to describe the
magnetic structure while constraining the lattice constants with respect to those of the
nuclear structure in P4/mmm symmetry, i.e. acmmm=bcmmm=2ap4/mmm, ccmmm=cp4/mmm. The
1a Co-site in the nuclear lattice transforms to 2a (0, 0, 0) and 2b (1/2, 0, 0) in the magnetic
lattice, while the 1b Co-site in the nuclear lattice transforms to 2c (1/2, 0, 1/2) and 2d (0,
0, 1/2) in the magnetic lattice. The phase ratio and thermal displacement factors are coupled
accordingly during the refinement based on the relation between the nuclear and magnetic
structure. Both nuclear and magnetic structures derived from RTND are displayed in Figure
3.4, while Table 3.1 lists the fractional coordinates and magnetic moments for all magnetic
atoms in the 2a×2a×2a unit cell. The refined magnetic moments Mz is 1.14 µB.

Figure 3.3 Rietveld refinement profiles for RTND data.
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Figure 3.4 The refined P4/mmm structure at RT. (a) and (b) crystal structure projected
from different direction; (c) magnetic unit cell.

Table 3.1 Atomic position and magnetic
moment for Co ion in the magnetic unit.
Label

x

y

z

Moment (µB)

Co1a 1/2 0 1/2

1.11(4)

Co1b

0

0 1/2

-1.11(4)

Co2a

0

0

0

1.11(4)

Co2b 1/2 0

0

-1.11(4)

The ND patterns (above the magnetic ordering temperature) can be refined in either
a P4/mmm or Pm-3m structure. Typical refinement profiles for P4/mmm and Pm-3m are
shown in Figure 3.5. At T<412 oC, SCN10 exhibits a tetragonal P4/mmm structure where
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there are two distinct Co-sites at 1a (0, 0, 0) and 1b (0, 0, 1/2) and three distinct O-sites at
2f (1/2, 0, 0), 2g (0, 0, z) and 2e (1/2, 0, 1/2), respectively. At T≥412 oC, the P4/mmm
structure transforms into the Pm-3m cubic structure, where the two distinct Co-sites merge
into one site at 1a (0, 0, 0) and the three distinct O-sites become one at 3d (1/2, 0, 0). The
phase transition temperature found in this work is higher than that reported in ref.69, which
reflects the difference of sensitivity in using ND and XRD to detect the structural change
of a material. Clearly, the Pm-3m unit cell is only half of the P4/mmm unit cell. Figure 3.6
illustrates the model of this high-temperature Pm-3m cubic perovskite structure and Table
3.2 list the final structural parameters and reliable factors.

Figure 3.5 Exemplary Rietveld refinement profile with ND collected at elevated
temperatures in air. (a) P4/mmm (300 oC); (b) Pm-3m (500 oC); (c) Pm-3m (700 oC);
(d) Pm-3m (900 oC)
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Figure 3.6 The high-temperature cubic structure model of Pm-3m obtained from
ND. (a) View from an arbitrary direction; (b) view along the a-axis.

Table 3.2 Unit cell, atomic positions, occupancies, thermal displacement factors and
reliable factors in P4/mmm, Z=2 and Pm-3m, Z=1.
Parameters

RT

300

500

700

900

Space Group
a (Å)
c (Å)
V (Å3)

P4/mmm
P4/mmm
Pm-3m
Pm-3m
Pm-3m
3.88128(15) 3.89955(4) 3.92184(3) 3.94712(3) 3.97074(6)
7.80668(36) 7.83410(13)
117.603(12) 119.129(3) 60.321(1) 61.495(1) 62.606(3)

z
100×Uiso (Å2)
focc*

Sr 2h (1/2, 1/2, ~0.25)
0.25902(23) 0.25729(15)
1.46(4)
2.03(1)
1.0
1.0

2.53(2)
1.0

3.27(2)
1.0

3.97(3)
1.0

100×Uiso (Å2)
focc*

Co1/Nb1 1b (0, 0, 1/2)
1.46(14)
1.85(6)
0.9/0.1
0.9/0.1

1.75(6)
0.9/0.1

2.25(6)
0.9/0.1

2.85(12)
0.9/0.1

100×Uiso (Å2)
focc*

Co2/Nb2 1a (0, 0, 0)
0.57(11)
0.88(5)
0.9/0.1
0.9/0.1

100×Uiso (Å )
focc

O1 2e (1/2, 0, 0)
0.87(6)
1.71(2)
0.953(9)
0.955(3)

z

O2 2g (0, 0, ~0.75)
0.76915(34) 0.76632(20)

2
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Sr 1b (1/2, 1/2, 1/2)

100×Ueqv (Å2)a
100×U11=U22 (Å2)
100×U33 (Å2)
focc
100×Ueqv (Å2)a
100×U11 (Å2)
100×U22 (Å2)
100×U33 (Å2)
focc

3.49
4.98(18)
0.50(11)
1.0*

4.11
5.57(6)
1.20(7)
0.997(4)

O3 2f (1/2, 0, 1/2)
5.36
4.69
3.25(26)
2.09(10)
8.11(56)
6.99(15)
4.72(36)
5.00(13)
0.723(14)
0.734(4)

3.67
2.15(4)
4.44(2)
U22=U33
0.868(2)

O 3d (1/2, 0, 0)
4.69
2.93(4)
5.57(3)
U22=U33
0.838(2)

5.79
3.43(6)
6.98(5)
U22=U33
0.821(3)

Reliability factors
Rwp (%)
4.25
2.73
2.58
2.40
2.20
Rp (%)
3.14
2.00
1.99
1.85
1.70
Rbragg (%)
7.22
4.86
5.03
5.14
3.65
2
χ
5.712
2.265
2.026
1.771
1.484
*
Fixed; a Anisotropic thermal displacement factors U12 = U13 = U23 = 0.

It is noted that both the profile R values (Rp) and the weighted-profile R values (Rwp)
are very low, especially for T ≥ 300 oC, indicating a good fit of the structural models to the
pattern.124 The reliability factors are slightly higher, but still generally acceptable for RT
data (e.g., Rp=4.25%, Rwp=3.14%) and comparable to a ND study of isostructural Sb-doped
SCO (Rp=5.66%, Rwp=7.29%).55 The changes of the unit cell constants and volume with
temperature are plotted in Figure 3.7. For comparison purpose, the unit cell constants and
volume of the P4/mmm phase are normalized to those of Pm-3m by a factor of (a×2+c)/4
and 1/2, respectively. Both unit cell constants and volume expansion vary linearly with
temperature and display a discontinuity at the phase transition temperature. The average
linear thermal expansion coefficients are 15.710-6 K-1 and 31.210-6 K-1 before and after
phase transition, respectively. The oxygen loss with temperature, which will be shown in
later TGA results, accounts for the greater slopes observed above the phase transition
temperature.
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Figure 3.7 Unit cell constant and volume of SCN10 vs temperature.
The blue line represents phase transition temperature. The error bars
are much smaller than the size of symbols.

The neutron scattering length of Nb (7.054 fm) is almost 3 the one of Co (2.490
fm). Therefore, it should be easily determined by ND if Nb atoms prefer for a specific Cosite in the P4/mmm structure. In contrast to Mo-56 or Sb-125 doped SCO, where dopant
atoms are determined to preferentially occupy the Co1-site, we find that Nb atoms show
no preference over the two Co-sites. For example, at RT, the refinement of SCN10 patterns
reveals an equal distribution of Nb on the two Co-sites: Co1/Nb1=0.89/0.11 and
Co2/Nb2=0.91/0.09, respectively. The proximity of the Co/Nb ratio to the doping
concentration on these two Co-sites suggests that Nb has no preference for a Co-site in the
cation lattice. On the other hand, the occupancy at O2 (0, 0, z) site converges to a value
slightly higher than unity, which suggests that O2-site is fully occupied by oxygen at RT
and was therefore fixed at 1.0 in the refinement.
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•

3.3.3 Oxygen stoichiometry and Co-ion oxidation state vs temperature

(a)

(b)

Figure 3.8 TGA profiles under air; (b) TGA profiles
under 5% H2.

The variation of the oxygen stoichiometry (3-) vs temperature was also derived from the
weight changes measured by TGA and is compared to the results obtained from ND. Figure
3.8 (a) and (b) show the TGA curves measured in air and 5% H2-N2, respectively. Figure
3.9 compares the calculated oxygen stoichiometry and Co-ion oxidation-state at different
temperatures, from both TGA and ND. The oxygen stoichiometry vs temperature obtained
from ND has a similar trend to those by TGA, i.e. a peaking (3-) in low-temperature
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regime, but the absolute value from ND is systematically ~0.1 lower, which has also been
observed in other SCO systems.100-101 The TGA results indicate a slow oxygen uptake from
RT to ca.350 oC before they begin to lose oxygen; these observations are consistent with
our previous results on Nb-doped SCO58 and Y-doped SCO.126 The initial total oxygen
stoichiometry determined from the full reduction TGA method, Figure 3.8 (b), is 2.72,
which is in excellent agreement with those determined by iodometric titration (2.72). This
value is lower than 2.85 reported by Zhang, et al,114 which is likely resulted from the
different thermal history (such as cooling rate etc.) of sample preparation. The
compositions for SCN10 at RT should, therefore, be represented by SrCo 0.9Nb0.1O2.72,
respectively.

Figure 3.9 The calculated oxygen stoichiometry and
Co-ion oxidation-state as a function of temperature.

The oxidation states of Co-ions and oxygen stoichiometry are summarized in Table
3.3 at selected temperatures. The average Co-ion oxidation state first increases from +3.27
to +3.29 from RT to 300 oC followed by decreasing to +3.11 at 500 oC, +2.91 at 700 oC
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and +2.79 at 900 oC, suggesting the growing dominance of the Co3+/Co2+ over the
Co4+/Co3+ redox couple at elevated temperatures.
Table 3.3 Co-ion oxidation-state and
oxygen stoichiometry (in parenthesis) at
different temperatures calculated from
TGA and ND.
T (oC)
RT
300
500
700
900

TGA
+3.27
(2.720)
+3.29
(2.731)
+3.11
(2.648)
+2.91
(2.558)
+2.79
(2.507)

ND
Structure
+3.17
P4/mmm
(2.676)
+3.19
P4/mmm
(2.687)
+3.01
Pm-3m
(2.604)
+2.81
Pm-3m
(2.514)
+2.70
Pm-3m
(2.463)

It is worth mentioning that the oxygen stoichiometry and Co-ion oxidation state
closely follow our previously observed conductivity trends,58 which exhibits a
“semiconductor-to-metal” transition behavior at an onset temperature (~400 oC), below
and above which hole conduction is observed with a lower activation energy E a (c.a. 0.05
eV) and higher Ea (c.a. 0.10 eV), respectively. Typically, Ea for an electronic conductor
with a small-polaron conduction mechanism is > 0.10 eV, whereas it is ≤ 0.10 eV for the
case of a large-polaron conduction.127 For the SCN system, we have established a defect
chemistry model showing that at a high oxygen stoichiometry (and/or low temperature)
where the redox couple Co4+/3+ dominates, the Co-3d orbitals hybridize strongly with the
O-2p orbitals, leading to a broadening of the conduction band and the formation of
delocalized large-polarons.128 In comparison, at low oxygen stoichiometry (and/or high
temperature) when the redox couple Co3+/2+ dominates, the hybridization between Co-3d
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and O-2p becomes weaker and Co2+ (viewed as a negatively charged free electron) can be

trapped at positively charged Nb-dopant sites (𝑁𝑏𝐶𝑜
), forming a relatively narrow band

and producing localized small-polarons.52 Hence, the electronic conduction in SCN system
transitions from a delocalized large-polaron behavior to a localized small-polaron behavior
with increasing temperature or decreasing oxygen stoichiometry.
•

3.3.4 Local Co-O bond length and coordination number

As listed in Table 3.2, the main oxygen deficiencies are populated at the O3-site in the lowtemperature P4/mmm structure, suggesting that Co1 are surrounded by a large amount of
oxygen vacancies. The long-range ordering of oxygen vacancies in P4/mmm, which
couples with two different Co-ion sites, is, therefore, the origin of the tetragonal structure.
A careful examination on the Co-O bond length given in Table 3.4 further reveals that the
Co-O bonding differs in the two Co-ion sites. For example, along the c-axis, the Co2-O2
bonds are remarkably shorter than Co1-O2, e.g. 1.80 Å (Co2-O2) vs 2.10 Å (Co1-O2) at
RT, suggesting a higher oxidation-state of Co1-ion.
Table 3.4 Refined Co-O bond length for
tetragonal P4/mmm and cubic Pm-3m at RT,
300, 500, 700, and 900 oC.
Bonds (Å)

RT

300 oC

Co1/Nb1-O1 (×4) 2.1012(27) 2.0864(15)
Co1/Nb1-O2 (×2) 1.94064(8) 1.94977(2)
Average
1.994
1.995
Co2/Nb2-O2 (×2) 1.94064(8) 1.94977(2)
Co2/Nb2-O3 (×4) 1.8022(27) 1.8307(15)
Average
1.894
1.910
Total Average
1.944
1.952
500 oC

700 oC
Co/Nb-O (×6)
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900 oC

1.96092(2)

1.97356(2) 1.98537(3)

Bond valence sums (BVS) can be used to further evaluate the average valence of
an individual ion within its local coordinating environment. The BVS of a cation i is the
sum of the individual bond valence 𝑣𝑖𝑗 , where j is the surrounding cation, defined by:129

r −r 
vij = exp  o ij 
 b 

(3-4)

here 𝑟𝑖𝑗 is the observed bond distances between ions i and j; 𝑟𝑜 is the ideal bond distances
and b is an empirical constant (0.37 Å). The 𝑟𝑜 values for Co3+-O and Nb5+-O are 1.70 Å
and 1.911 Å, respectively.129 The weighted 𝑟𝑜 used for BVS calculation is given by:130

ro( weighted ) = ro(Co )  OccupancyCo + ro( Nb)  Occupancy Nb

(3-5)

At RT, the calculated BVS are 3.80 and 2.92 for Co2-site and Co1-site, respectively. The
remarkable difference in BVS between Co1-site and Co2-site strongly suggest a charge
ordering at these two Co-sites assuming that the Nb-ions have a fixed oxidation state of +5.
In fact, it has been previously proposed that the charge ordering occurs in the tetragonal
structure where a mixed oxidation state of Co3+/4+ at Co2 site and Co3+ at Co1 site follows
a full charge disproportionation.9,46 The intermediate-spin state Co3+ (3d6) in CoO6
octahedra with a d-electron configuration t2g5eg1 is the fundamental reason for the
elongation along the c-axis in the Co1O6 octahedra and shortening in the Co2O6 octahedra
in order to accommodate the charge ordering. This behavior is known as Jahn-Teller
distortion.131
The oxygen occupancy and cation-coordination also change with temperature. The
O3-occupancy in the tetragonal P4/mmm structure increases with temperature before
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transforming to the cubic Pm-3m structure as listed in Table 3.2. This increase in O3occupancy correlates well with the oxygen uptake behavior observed in the TGA profile
shown in Fig. 2.8. The Rietveld refinements results in Table 3.2 show that this increased
oxygen-ion at O3 site comes from the neighboring O2-site, which can be attributed to the
enhanced thermal diffusion at this temperature.
The oxygen-coordination number (CN) of Co1 and Co2 are shown in Figure 3.10
(a) as a function of temperature. It is evident that more oxygen vacancies are populated at
O3-site around the Co1-site, leading to a lower CN in the P4/mmm structure. As the
temperature increases, the CNs for Co1 and Co2 sites converge towards that of the cubic
structure. On the other hand, Figure 2.10 (b) suggest that the Jahn-Teller distortion
becomes weaker at higher temperatures, where all the Co-O bond lengths converge to
become identical in the cubic structure. Based on the above observation, it can be
concluded that the local structural change in SrCoO3--based materials is mainly due to Osite rearrangements.
(a)

5.6
5.4
5.2

SCN10 Co1-O2
SCN10 Co1-O3 / Co2-O1
SCN10 Co2-O2
SCN10 Co-O

2.10

Bond Distance (Å)

5.8

Coordination Number

(b)

SCN10 CNCo1
SCN10 CNCo2
SCN10 CNCo

5.0
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2.00
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1.85
1.80
Tetragonal Cubic

Tetragonal Cubic

4.8
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Figure 3.10 Local structural changes vs temperature. (a) CN of Co-ions; (b) Co-O
distances. The red line represents the phase transition temperature. Some error bars are
smaller than the size of the symbols in (a) and (b).
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It is worth pointing out that, since the magnetic structure is not fully developed at
RT, no diffraction peaks related to the different magnetic moments of the two Co-ions can
be observed even though charge ordering at the Co1 and Co2 sites is suggested by the CN
and Co-O distances from the refinement results. This explains the smaller refined moments
of 1.14 µB compared to the theoretical value 2.83 µB of intermediate spin Co3+.
•

3.3.5 Thermal displacement factor of oxide-ions

The thermal displacement factors U are refined and examined as a proxy for the thermal
motions of O2-; the results are given in Table 3.2. The anisotropic refinement of the O1site yields negative U11 values. Hence only Uiso are refined for the O1-site. The anisotropic
U refinement for O2-site shows a large thermal motion perpendicular to the c-axis in the
P4/mmm structure. For the O3-site, it shows large values of U in all the three directions
with the largest one also being perpendicular to the c-axis. The equivalent isotropic thermal
factors Ueqv for O3 is 0.0536 Å2 at RT, significantly larger than that for a metal oxide in
which metal cation and O2- are tightly bounded (a typical value is ca. 0.006 Å2).80
For the Pm-3m cubic structure, a larger equivalent thermal motion of O2- is also
observed, i. e. Ueqv = 0.0469 Å2 at 700 oC. A larger U value suggests a greater mobility of
O2- for SCN-series materials, implying that SCN is a good candidate as a mixed oxide-ion
and hole conductor. Figure 3.11 illustrates the reconstructed oxygen sub-lattices depicting
the thermal displacement ellipsoids at RT and 700 oC. The largest thermal motion of O2- in
P4/mmm occurs along the (002) plane, on which O3-site oxygen vacancies are mostly
concentrated. These results are consistent with the diffusional pathways calculated from
bond valence method (BVM) that indicates a hindered O2− conduction paths along [001].69
In the isotropic cubic Pm-3m structure, the thermal O2- motion directions and amplitude
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ratios of all face planes are similar to those of (002) plane in the P4/mmm structure. The
most likely diffusion path follows a curved rather than a straight-line along the edge of a
CoO6 octahedron as illustrated in Figure 3.11. Similar oxygen conduction pathways were
also

proposed

for

the

isostructural

La0.6Sr0.4CoO3-δ

and

(La0.8Sr0.2)(Ga0.8Mg0.15Co0.05)O2.8.132-133

Figure 3.11 Oxygen sub-lattices showing the thermal displacement orientation and
magnitude for SCN10 at (a) RT and (b) an arbitrary direction at 700 oC; (c) (200) plane of
P4/mmm at RT.

3.4 Conclusions
In summary, the crystal structures and oxygen stoichiometry of SrCo0.9Nb0.1O2.72 (SCN10)
have

been

systematically

characterized

by

in-situ

neutron

diffraction

and

thermogravimetric analysis as a function of temperature. SCN10 exhibits a tetragonal
lattice (P4/mmm) with G-type antiferromagnetically ordered magnetic structure between
RT and 75 oC, above which the magnetic ordering disappears. A phase transition from
tetragonal (P4/mmm) to primitive cubic (Pm-3m) occurs at 412 oC.
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For the intermediate-temperature tetragonal phase (P4/mmm), oxygen vacancies
are mainly populated at the O3-site and distributed around the Co1-site. The calculated Co
coordination number from the refined oxygen occupancies suggests a charge
disproportionation with mixed Co3+/Co4+ at the Co2 sites and Co3+ at the Co1 sites. The
induced expansion along the c-axis by the intermediate-spin state of Co3+ distorts two types
of CoO6 octahedra in the P4/mmm structure. Before transforming into the cubic phase (Pm3m), oxygen vacancies are distributed more evenly across the three O-sites and the
tetragonal structure becomes increasingly symmetrical with increasing temperature.
Overall, the oxygen vacancies (or stoichiometry) could be viewed as an indicator of the
local structural distortions and symmetry transformations. SCN10 shows large thermal
displacement factors, suggesting a good ionic mobility of O2-. Combined with the high
concentration of oxygen vacancies per unit cell, an enhanced oxide-ion conduction is
expected.
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CHAPTER 4

Ta-DOPED SrCoO3-δ AS CATHODE FOR SOLID OXIDE FUEL CELL

4.1 Introduction

For SCO-based materials, it has been shown that the oxygen stoichiometry plays a crucial
role in thermal stability, electronic conductivity, and electrochemical activity. Losing too
much lattice oxygen in the SCO structure would result in the formation of less conductive
and poorly active Sr2Co2O5 or Sr6Co5O15. On the other hand, maintaining a higher oxygen
stoichiometry in SCO can promote a larger hybridization between O-2p and Co-3d orbitals,
thus giving rise to a higher oxidation state of Co-ions and electronic hole-conductivity. To
retain a higher oxygen stoichiometry at elevated temperatures, the bonding of the dopant
with oxygen needs to be stronger than the host Co-O. For example, the bond of Nb-O is
stronger than that of Co-O, thus improving the thermal stability of SCO to <700 oC.58
In this chapter, the crystal structure of Ta-doped SCO is examined, and particularly
compared with its analogous system Nb-doped SCO. The comparison may yield critical
insights into what is the key differentiator of the properties between Ta-SCO and Nb-SCO
because Ta5+ (VI coordination) has an identical ionic radius (0.64 Å) to that of Nb5+, which
avoids the cation-size effect on properties and in turn allows a more accurate evaluation of
thermal stability based on Average Bonding Energy (ABE) theory.134-136 In a prior work70,
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some properties of Ta-SCO were compared with Nb-SCO and interpreted by Pauling’s
electronegativity theory. However, the authors mistakenly concluded that a better
electrochemical performance observed in Ta-SCO than Nb-SCO was due to a lower
electronegativity value of Ta5+ (1.8) vs Nb5+ (1.87), which results in a weaker Ta-O bonding;
the latter was not only contradictory to Pauling’s electronegativity theory137-138 in that a
smaller electronegativity difference between cation and anion results in a weaker bonding,
but also their own thermogravimetric analysis (TGA) results showing less weight loss for
the Ta-doped SCO system.70 Our results show that Ta-O bonding is stronger than that of
Nb-O in doped SCO system, which is also the fundamental reason for the Ta-SCO system
to maintain a higher oxygen stoichiometry and oxidation state of Co-ions.
4.2 Experimental Procedure
•

4.2.1 Sample Preparation

Two compositions of SrCo1-xTaxO3- (x=0.05, 0.10, denoted as SCT5 and SCT10,
respectively, or collectively SCT hereinafter) were synthesized by standard solid-state
reaction. First, high-purity starting materials of SrCO3 (≥99.9%, Aldrich), Co3O4 (99.7%,
Alfa Aesar) and Ta2O5 (99.9%, Alfa Aesar) in stoichiometric amounts were intimately
mixed in an agate mortar with ethanol alcohol, followed by drying, pelletizing and
calcining at 1000 oC in air for 10 h. Second, the as-calcined pellets were broken up and
ball-milled into submicron powders before pelletizing and sintering at 1200 oC for 10 hours.
To obtain a pure single phase, step-2 was repeated 2 times. Finally, after confirming the
phase purity, the powders were mixed with a 1-wt% PVB binder and pressed into
rectangular bars (45mm×6mm×4mm) by static uniaxial pressing. The bar samples were
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finally sintered in air at 1200 oC for 10 hours to achieve a dense microstructure for
conductivity measurement as well as other characterization.
•

4.2.2 Structural characterization

The phase composition of SCT samples were first examined with an X-ray diffractometer
(MiniFlex Ⅱ, Rigaku, Japan) equipped with Cu Kα radiation ( =1.5418 Å) over a 2 =1090 o range in a step size of 0.02o at a scanning rate of 1o min-1. Their phase evolution with
temperature in the range of RT-800 oC was studied in air by a high-temperature (HT) Xray diffractometer (X1 Theta-Theta, Scintag, USA) equipped with graphitemonochromatized Cu Kα radiation (λ = 1.5418 Å) over a 2 =10 - 110 o range in a step
size of 0.02 o at a scanning rate of 1o min-1. During HT-XRD measurement, approximately
1-h equilibrium time was given at each temperature before data collection.
In-situ Neutron diffraction (ND) was conducted in air as a function of temperature
on POWGEN,139 a time-of-flight diffractometer, at the Spallation Neutron Source in Oak
Ridge National Laboratory. A neutron beam in 1.333 Å wavelength was used for diffraction
in a d-space range of 0.5-4.0 Å. An approximately 10 g sample with ca. 10-μm particle size
was loaded inside a 40-mm long and 10-mm diameter quartz basket with a fritted bottom.
A vacuum vanadium foil element furnace enclosing a fused silica quartz sample chamber
was used to heat the sample. Diffraction patterns were collected under a 200 sccm flow of
20%O2-N2 at 300, 500, 700 and 850 oC, respectively. The data collection time was 3 h at
300 oC, while 2 h for all other temperatures. The last 40-min data for each temperature
were used for refinement, which corresponds to a total accelerator charge of 3 coulombs.
Diffraction pattern for an empty quartz basket at each temperature was subtracted from the
sample scans before performing further analysis. The room-temperature ND was collected
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from the same beamline with ~5 g sample sealed in vanadium cans under a helium
atmosphere.
•

4.2.3 Determination of oxygen stoichiometry

The oxygen stoichiometry (3-) of SCT10 in air as a function of temperature was
determined by thermogravimetric analysis (TGA, NETZSCH STA 448 TGA/DSC,
Germany) and ND methods. For the TGA method, the initial oxygen stoichiometry (3-o)
needs to be determined first. Two approaches were experimented for this purpose:
iodometric titration and full reduction TGA. For the iodometric titration method, a 30 mg
powder was first dissolved in a 6 M HCl solution with excessive KI. The original oxidation
state of the Co ions in the dissolved sample is expected to be fully reduced to 2+ by KI. By
titrating Na2S2O3 into the solution and assuming that Ta has a fixed oxidation state (5+),
the average oxidation state of Co-ions can be determined. From the charge neutrality, the
original oxygen stoichiometry at room temperature can be calculated out.
For the full reduction TGA method, a 5%H2-95%N2 mixture was used as the
reducing gas to fully reduce the sample (~50 mg) into SrO, Co and SrTaO3. The sample
was first kept at 70 oC for 2 h to remove the absorbed H2O on the particles surface, followed
by heating up to 1000 oC at 10 o/min and holding for 30 hours.
The final oxygen stoichiometry in air vs temperature was obtained from the initial
oxygen stoichiometry determined by iodometric titration or full reduction TGA and TGA
profile measured in air with holding temperatures at 300, 500, 700 and 900 oC. The
obtained results were also compared with those obtained from ND.
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•

4.2.4 Thermal expansion characterization

The Thermal expansion coefficients (TECs) of SCT samples were also measured using a
NETZSCH DIL 402PC/4 dilatometer. The measurement was carried out in a temperature
range from RT to 900 oC at a ramp rate of 5 oC·min-1 with air flow at 50 ml·min-1.
4.3 Results and Discussion
•

4.3.1 Phase composition at room temperature

The room-temperature (RT) XRD patterns of the synthesized SCT05 and SCT10 samples
are shown and compared in Figure 4.1 (a) with the undoped SCO. At elevated temperatures,
pure SCO is known to thermally decompose into Sr2Co2O5, which absorbs oxygen from
air during cooling process to form hexagonal Sr6Co5O15 and Co3O4. The two reactions can
be expressed by:

SrCoO3− = SrCoO2.5 +

0.5 − 
O2 
2

2
1
6SrCoO2.5 + O2 = Sr6Co5O15 + Co3O4
3
3

(4-1)

(4-2)

Figure 4.1 (a) of RT-XRD confirms that the pure undoped SCO is indeed decomposed to
Sr2Co2O5, Sr6Co5O15 and Co3O4. In comparison, the doped samples show a major primitive
cubic structure with two exceptional peaks at 42o and 48.5o (see the inset). As pointed out
in our previous work on Nb-doped SCO,58 these two peaks are indicative of oxygenordered superlattice crystalized in tetragonal (SG: P4/mmm) with a unit cell dimension of
at=bt≈a0, ct= 2a0, where a0 is the lattice parameter of a perovskite cubic cell. As the Tacontent increases, the intensities of these two superlattice peaks become weaker, suggesting
that the Ta-dopant inhibits formation of the oxygen-ordered superstructure. Figure 4.1 (b)
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further shows a shift of the major perovskite peak (100) towards lower 2 with increasing
Ta-content, implying that the lattice has been expanded by the substitution of larger Ta5+
on Co3+/4+.

Figure 4.1 XRD patterns of SCT05 and SCT10 samples. (a) Overall
patterns in comparison with the undoped SCO; (b) expanded view of
the main peak of the perovskite phase.

The above crystal structures of SCT05 and SCT10 at RT are further confirmed by
room temperature ND. Figure 4.2 (a) and (b) show reasonable goodness of the fit to
diffraction data with reasonably low Bragg-intensity R value (Rp) and weighted-profile R
value (Rwp) when both tetragonal P4/mmm and cubic Pm-3m structures are considered.
The refinement suggests that SCT05 contains more tetragonal P4/mmm than cubic Pm-3m
phase (11.3% Pm-3m vs 88.7% P4/mmm), whereas the SCT10 holds more cubic Pm-3m
than tetragonal P4/mmm phase (96.2% Pm-3m vs 3.8% P4/mmm). This finding is
consistent with that of XRD, where higher Ta-doping is observed to have less tetragonal
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superlattice. Table 4.1 lists all the crystallographic positions refined based on P4/mmm and
Pm-3m structures.

Figure 4.2 Rietveld refinement profiles of (a) SCT05 and (b) SCT10 with ND
collected at RT.

Table 4.1 ND-derived unit cell, atomic positions, occupancies, thermal
displacement factors and reliable factors for P4/mmm and Pm-3m structures
in SCT05 and SCT10.
Space Group
a (Å)
c (Å)
V (Å3)
z
100×Uiso (Å2)
focc*
100×Uiso (Å2)
focc*
100×Uiso (Å2)
focc*
100×Uiso (Å2)
focc
z

P4/mmm
3.86481(2)
7.76578(9)
115.995(2)
Sr 2h (1/2, 1/2, z)
0.26348(12)
1.08(1)
1
Co1/Ta1 1b (0, 0, 1/2)
0.95(5)
0.95/0.05
Co2/Nb2 1a (0, 0, 0)
0.85(5)
0.95/0.05
O1 2e (1/2, 0, 0)
3.72(4)
0.668(5)
O2 2g (0, 0, z)
0.76397(20)
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Pm-3m
3.86161(1)
57.585
Sr 1b (1/2, 1/2, 1/2)
1.13(1)
1
Co/Ta 1a (0, 0, 0)
0.69(1)
0.9/0.1
-

-

-

100×Ueqv (Å2)a
100×U11=U22 (Å2)
100×U33 (Å2)
focc

3.46
4.64(5)
1.11(6)
0.989(5)
O3 2f (1/2, 0, 1/2)
O 3d (1/2, 0, 0)
100×Ueqv (Å2)a
0.79
1.76
2
100×U11 (Å )
0.47(3)
1.04(1)
100×U22 (Å2)
0.43(3)
2.11(1)
2
100×U33 (Å )
1.47(4)
2.11(1)
focc
0.984(3)
0.927(1)
Reliability factors
Rwp (%)
5.30
3.91
Rp (%)
6.21
5.15
2
χ
25.10
13.91
*
Fixed; a Anisotropic thermal displacement factors U12 = U13 = U23 = 0.
•

4.3.2 Phase evolution with temperature

The phase evolution of SCT05 and SCT10 with temperatures was investigated by hightemperature XRD (HT-XRD) and ND. Figure 4.3 (a) of HT-XRD shows that SCT05
undergoes a partial phase decomposition into SrCO3 and Co3O4/CoO above 500 oC in
ambient air containing CO2, even though RT-XRD pattern shown in Figure 4.1 did not
reveal these impurity phases. The partially decomposed SrO immediately reacts with CO2
in the ambient air, forming SrCO3 as indicated in the pattern. In comparison, Figure 4.3 (b)
shows that SCT10 maintains a primitive cubic structure over the entire temperature range
of RT-800 oC without any impurity phase. In addition, the two superlattice-related peaks at
42o and 48.5o become weakened for both samples as the temperature increases, and
completely disappeared at ≥400 oC for SCT05 and ≥200 oC for SCT10, suggesting that the
dissolution of oxygen-ordered superlattice into oxygen-disordered primitive cubic
structure has taken place at higher temperatures.

90

Figure 4.3 HT-XRD patterns of (a) SCT05 and (b) SCT10.

The above findings are also confirmed by in-situ ND. Figure 4.4 shows the ND
Rietveld refinement profiles of SCT10 (note: SCT05 was not measured due to lack of
interest) as a function of temperature; the corresponding structural parameters refined as
well as reliable factors are given in Table 4.2. The results show that all ND patterns can be
well indexed by a simple primitive cubic structure (SG: Pm-3m) with reasonable Rwp and
Rp values; this observation is consistent with the HT-XRD results. In addition, with
increasing temperature the oxygen lattice experiences a decrease in occupancy, inferring
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loss of oxygen occurred as also confirmed by later TGA results. Based on the HT-XRD and
ND data, the primitive cubic-structured SCT10 was selected for further electrical and
electrochemical evaluations to explore its potential as a competent bifunctional oxygen
electrode.

Figure 4.4 ND Rietveld refinement profiles of SCT10 at elevated temperatures
in air.

Table 4.2 Unit-cell parameters and reliability factors of SCT10 derived from
ND.
Parameters
Space Group
a (Å)
V (Å3)
100×Uiso (Å2)

300 oC
500 oC
700 oC
Pm-3m
Pm-3m
Pm-3m
3.89852(3) 3.92387(4) 3.94822(7)
59.252(1)
60.415(2)
61.546(3)
Sr 1b (1/2, 1/2, 1/2)
1.55(3)
2.19(4)
2.91(5)
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850 oC
Pm-3m
3.96506(6)
62.337(3)
3.55(6)

focc*

1

1
1
1
Co/Ta 1a (0, 0, 0)
100×Uiso (Å2)
0.84(4)
1.37(5)
2.00(7)
2.47(8)
*
focc
0.9/0.1
0.9/0.1
0.9/0.1
0.9/0.1
O 3d (1/2, 0, 0)
2 a
100×Ueqv (Å )
2.30
3.23
4.40
5.26
100×U11 (Å2)
1.24(6)
1.77(7)
2.66(9)
3.48(12)
100×U22=U33 (Å2)
2.83(4)
3.95(5)
5.26(6)
6.15(8)
focc
0.895(5)
0.873(5)
0.852(6)
0.838(6)
Reliability factors
Rwp (%)
3.21
3.28
3.11
2.91
Rp (%)
6.31
6.75
6.88
6.49
2
χ
2.415
1.874
1.641
1.549
*
Fixed; a Anisotropic thermal displacement factors U12 = U13 = U23 = 0.

3.98
3.96

a (Å)

3.94
3.92
3.90
3.88

SCN10
SCT10
SYC10

3.86
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Figure 4.5 Lattice parameters of SCN10, SCT10 and SYC10 from ND.
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1000

The lattice parameters of SCT10 are also compared with SYC10 in chapter 2 and
SCN10 in chapter 3. The lattice parameters of SCN10 at RT and 300 oC (tetragonal), and
SYC10 are normalized to the cubic structure for easier comparison. As seen from Figure
4.5, SCN10 has almost identical lattice sizes with SCT10 in the temperature region of cubic
structure, which is consistent with the identical radius of Nb5+ and Ta5+. At RT and 300 oC,
the lattice sizes of SCN10 are larger than SCT10, arising from its tetragonal distortion. The
lattice parameters of SYC10 are much smaller than those of SCN10 or SCT10, consistent
with the radius (R) of those doping and host ions (RY3+  RSr2+, RNb5+, RTa5+  RCo3+)

•

4.3.3 Thermal stability

The thermal stability of SCT samples in air was also investigated by TGA, the results of
which are shown in Figure 4.6. Both SCT05 and SCT10 samples exhibit similar trending,
i.e. 1) a gradual weight loss below 250 oC; 2) a weight gain within 250 - 400 oC and 3) a
weight loss at > 400 oC. The initial weight loss is likely associated with the removal of
adsorbed species such as H2O and CO2 from ambient atmosphere after synthesis. The
weight gain started at ~250 oC is related to O2 incorporation into oxygen vacancies
accompanied by oxidizing Co ions to produce electron holes. As the temperature increases
further to >400 oC, the Co-O bonds start to break, releasing oxygen (including gained and
the original lattice oxygen). It is interesting to note that there is a steeper weight loss at
≥600 oC for SCT05 than SCT10. Combining with HT-XRD data shown in Figure 4.3, it is
reasonable to postulate that this accelerated weight loss is associated with the phase
decomposition into SrO and Co3O4 via
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SrCo0.95Ta0.05O3− = Sr1− xCo0.95− yTa0.05O3− ' + xSrO +

y
Co3O4 + zO2 
3

(4-3)

The slowdown of weight loss above 700 oC could be associated with a further loss of lattice
oxygen in 𝑆𝑟1−𝑥 𝐶𝑜0.95−𝑦 𝑇𝑎0.05 𝑂3−′ , ultimately leading to the formation of Sr2Co2O5.
Note that no SrCO3 could form under the TGA condition since a CO2-free zero-grade air
was used for the measurement. The net weight loss after SCT05 was cooled down to RT is
also an indicative of the permanent loss of oxygen due to phase decomposition. In
comparison, the SCT10 sample shows a smooth monotonic weight loss from 400 to 900
o

C, reflecting a gradual loss of lattice oxygen without new phase formation. Upon cooling,

the sample can absorb extra oxygen to yield a net weight gain at RT. This behavior indicates
a good reversibility of the oxygen intake/loss process for the SCT10 sample.

Figure 4.6 TGA profiles of SCT05 and SCT10 measured in air.
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•

4.3.4 Oxygen stoichiometry (3-) and oxidation state (z) of Co-ions vs temperature

To determine the oxygen stoichiometry (3-) and oxidation state (z) of Co-ions as a
function of temperature in single-phase SCT10, two methods have been used: TGA and
ND. To do so, the initial oxygen stoichiometry (3-o) should be first determined. We,
therefore, ran a separate TGA experiment with full reduction of SCT10 by 5%H2-N2, the
results of which are shown in Figure 4.7 (a). A total weight loss of 12.09% was found,
which is equivalent to the initial oxygen content 3-o=2.73 calculated by the following
reduction reaction:
SrCo0.9Ta 0.1O3− + (1.8 −  ) H 2 → 0.9SrO + 0.9Co + 0.1SrTaO3 + (1.8 −  ) H 2O (4-4)

This value is close to 2.70 determined by iodine titration. By combining this initial oxygen
stoichiometry (3-o) with the TGA profiles shown in Figure 4.7 (b) yields the variation of
3- and z with T; the results are shown in Figure 4.8, where the ND-derived 3- and z are
also plotted for comparison. Overall, the ND-derived 3- and z are very close to those
derived from TGA. Within the margin of errors, the results generated by the two
independent methods are consistent and thus deemed reliable.

Figure 4.7 TGA profiles measured in (a) 5% H2-N2; (b) air.
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Figure 4.8 Comparison of oxygen stoichiometry and Co-ion oxidation-state vs
temperatures determined by (a) ND and (b) TGA, for SCN10 and SCT10.

The values of SYC10 and SCN10 are also plotted in figure 4.8. The values of
SCN10 are found slightly lower than SCT10, while those for SYC10 are much lower than
the other two at the same temperature. To evaluate the bonding strengths of Nb-O, Ta-O
and Y-O in the SCO structure, we applied the Average Bonding Energy (ABE) theory to
calculate the A-O and B-O bonding energies in perovskite ABO3 using the following
equations136, 140:

ABE ( A − O ) =

1 
n

o
o
  f H AmOn − mH A − DO2 
12m 
2


(4-5)

ABE ( B − O ) =

1 
n

 f H BomOn − mH Bo − DO2 

6m  
2


(4-6)

where ∆𝑓 𝐻𝐴𝑜𝑚𝑂𝑛 and ∆𝑓 𝐻𝐵𝑜

𝑂
𝑚′ 𝑛′

are the standard heats of formation for 𝐴𝑚 𝑂𝑛 and 𝐵𝑚′ 𝑂𝑛′

oxides, respectively; ∆𝐻𝐴𝑜 and ∆𝐻𝐵𝑜 are the standard sublimation heats for A and B metals,
respectively; 𝐷𝑂2 is the dissociation energy of oxygen (500.2 kJ mol-1)136. The ABEs of SrO and Co-O were also calculated; the results are shown in Table 4.3. The ABE of Ta-O is
the most negative, followed by Nb-O and Y-O. Hence, the fundamental reason of SCT10’s
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higher oxygen stoichiometry is the stronger Ta-O bond than Nb-O bond or Y-O bond as
listed in Table 4.3.
Table 4.3 Average Bonding Energy of Metal-Oxygen in the
SCO structure
Cation
Co2+
Co2+/3+
Sr2+
Nb5+
Ta5+
Y3+

∆𝑓 𝐻𝐵𝑜 ′ 𝑂 ′ / ABE (B-O)/
∆𝐻𝐵𝑜 /
𝑚 𝑛
Oxide
kJ∙mol-1
kJ∙mol-1
kJ∙mol-1
424.7
CoO
-237.9
-152.1
Co3O4
-891.0
-175.9
164.4
SrO
-592
-69.6
725.9 Nb2O5
-1899.5
-383.5
782.0
Ta2O5
-2046.0
-405.0
421.3
Y2O3
-1905.3
-145.8

Thermal expansion coefficient
The thermal expansions of SCT05 and SCT10 vs temperature are shown in Figure 4.9 over
a temperature range of 50-900 oC. Both samples show a distinctive increase in slope at
~500 oC. It is reasonable to believe that the increased slope above 500 oC is associated with
the loss of lattice oxygen. A close look into the SCT05 curve reveals that it has a slightly
higher thermal expansion coefficient (TEC) than SCT10, which makes sense given the fact
that SCT05 loses more oxygen than SCT10 due to its lower thermal stability. The measured
TEC values are similar to the reported ones for other B-site doped SrCoO3- samples.56, 141
It needs to be pointed out that both SCT samples have a much higher TEC than the
electrolyte in a SOFC. Therefore, to use SCT as an oxygen electrode in practical SOFCs,
it must be utilized in the form of nanoparticles supported on a TEC-compatible scaffold.
This is also the reason this study did not attempt to use screen-printed bulk SCT as a
cathode in real SOFC testing because of its impracticality.
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Figure 4.9 Thermal expansions of SCT05 and SCT10
vs temperature.

4.4 Conclusions
In summary, SCT10 exhibits a pure primitive cubic structure at T200 oC and better
thermal stability than SCT05. SCT10 maintains a primitive cubic structure up to 800 oC
without any impurity phase. Compared with the values of SCN10 in chapter 3, SCT10 has
almost identical lattice sizes in SOFC working temperature range. The stronger Ta-O bond
than Nb-O bond renders SCT10 higher oxygen stoichiometry and Co-ion oxidation states.
Both SCT samples have a much higher TECs than the electrolytes, which make them
impractical to use in a bulk form in SOFC.
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CHAPTER 5

ELECTROCHEMICAL AND TRANSPORT PROPERTIES OF SCN10 AND SCT10

5.1 Introduction
Mixed ionic and electronic conductors (MIECs) are an important class of functional
materials for oxygen separation and electrocatalysis. The current MIECs research is
focused on searching for new materials with high oxygen flux and chemical stability,
147



142-

few examples of which are Sr(CoFe)O3- 148, (LaSr)(CoFe)O3- 149-150, (BaSr)(CoFe)O3-

145, 151

, etc. These perovskite-structured MIECs generally have a high oxygen flux, but

poor chemical stability, particularly in CO2- and H2O-contaning atmospheres.152-154
Gaining the chemical stability of an MIEC is always at the cost of its oxygen flux, as
demonstrated in the development of dual-phase MIECs.155-156
On the other hand, fundamental understanding of oxygen transport processes in
MIECs through mathematical modeling have also drawn interests.157-161 A straightforward
and generalized transport model for oxygen permeation through a MIEC consists of surface
gas/oxygen-lattice exchange and bulk oxide-ion diffusion. For the bulk diffusion, oxygen
vacancies (𝑉𝑂∙∙ ) and holes moving in the opposite direction are considered the mobile charge
carriers.162-163 The driving force for the oxygen transport is the gradient of electrochemical
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potential of oxygen across the MIEC.164-165 The permeated oxygen flux 𝐽𝑂2 via bulk
diffusion is quantified by the classical Wagner equation: 165

J O2 = −

lnPOs2

RT
 e i
dlnPO2
2

4 F L lnP f  e +  i
2

(5-1)

O2

where 𝑅 is the gas constant; 𝑇 is the temperature; 𝐹 is the Faraday constant; 𝐿 is the
membrane thickness; 𝜎𝑒 and 𝜎𝑖 are electronic and ionic conductivity, respectively; 𝑃𝑂𝑠2 and
𝑓

𝑃𝑂2 are partial pressures of oxygen at sweeping and feeding surfaces, respectively.
For an electron-conduction predominated MIEC (𝜎𝑒 >> 𝜎𝑖 ), which is true for most MIECs,
eq. (5-1) can be simplified into
lnPOs

J O2

2
RT
= − 2 2   i dlnPO2
4 F L lnP f

(5-2)

O2

Therefore, to theoretically assess the oxygen flux of an MIEC, the knowledge of 𝜎𝑖 𝑃𝑂2 relationship is needed. Hassel and Bouwmeester, et al. indirectly obtained the 𝜎𝑖 𝑃𝑂2 relationship of (LaSr)BO3- (B=Cr, Fe, Co or Mn) from oxygen nonstoichiometric (3) vs 𝑃𝑂2 dependence and a point defect model, 157 from which an analytical expression of
𝐽𝑂2 vs 𝑃𝑂2 was obtained. However, the surface oxygen exchange was not considered in their
model. Lin et al. developed a permeation model for MIECs in 1994 which considered both
the bulk diffusion and surface oxygen exchange for the first time.166 They treated the
surface gas/oxygen-lattice exchange process as
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1
O2 + VO
2

k1
OO + 2h

(5-3)

k2

where 𝑂𝑂× represents regular lattice oxygen; ℎ∙ denotes electron holes; k1 and k2 are rate
constants of forward and backward reactions, respectively. The forward and backward
reactions are assumed to take place at the feeding and sweeping surfaces, respectively. The
bulk diffusion was modeled by one-dimensional Fick’s first law. Xu and Thomson further
simplified Lin’s model and applied it to (La0.6Sr0.4)(Co0.2Fe0.8)O3-.158 The final analytical
̃𝑉 ∙∙ ) and
expression for 𝐽𝑂2 vs 𝑃𝑂2 contains both chemical diffusion coefficient of 𝑉𝑂∙∙ (𝐷
𝑂
surface exchange reaction rate constants (𝑘1 and 𝑘2 ) as the fitting parameters. In another
phenomenological model, Zhu et al. described the oxygen permeation process consisting
of two interfacial oxygen-exchange zones at the feeding and sweeping surfaces and one
bulk-diffusion zone.161, 167-168 Area-specific resistances (ASRs) were separately introduced
𝑓

for each zone and obtained by fitting both 𝑃𝑂2 - 𝐽𝑂2 dependence at a fixed 𝑃𝑂𝑠2 and 𝑃𝑂𝑠2 - 𝐽𝑂2
𝑓

relationship at a fixed 𝑃𝑂2 . The surface exchange coefficients and self-diffusion coefficient
of 𝑉𝑂∙∙ were then calculated from ASRs.167
Recently, SrCo0.9Nb0.1O3- (SCN10) and SrCo0.9Ta0.1O3- (SCT10) have been
reported with high oxygen permeability and good chemical stability for > 200 days,
demonstrating the potential for practical applications.57, 114 Jin et al. developed a defect
chemistry model simulating the transport of mixed conduction in SCN10 and SCT10 and
derived an analytic expression for σ = σ(T, 𝑃𝑂2 ) .

169-170

With the experimentally

determined σ = σ(T, 𝑃𝑂2 ), the equilibrium constants of defect reactions, concentrations of
charge carriers and thermodynamic factor were obtained.
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In this chapter, a combined experimental 𝐽𝑂2 vs 𝑃𝑂2 data measured by oxygen
permeation and a diffusion model is presented to obtain transport properties such as ionic
conductivity, chemical diffusivity and surface exchange rate constant of oxygen in mixed
conducting SCN10 and SCT10. The oxygen permeation methodology is adopted to derive
oxygen transport properties of MIECs because it provides the best accuracy and reliability
among all methods explored (such as blocking electrode and electrical conductivity
relaxation methods).171 Several key performances of SYC10, SCN10 and SCT10 are also
compared and correlated with their structural properties through molecular orbital energy
analysis. The stability tests show that the SCT10 is the best catalyst among these three
materials, consistent with the average bonding energy analysis in chapter 4.
5.2 Oxygen permeation model
The SCN10 and SCT10 have been known to be a p-type electronic conductor with oxygen
vacancies as a minor charge carrier.58, 172 Within the 𝑃𝑂2 range studied, free electron (𝑒 − )
conduction is negligible.169-170 Figure 5.1 shows the oxygen permeation processes for a ptype MIEC membrane. At the feeding side (high 𝑃𝑂2 ), the net effects of surface exchange
reaction are 𝑂2 incorporation into the membrane by reacting with 𝑉𝑂∙∙ and producing ℎ∙ and
𝑂𝑂× :
1
O2 + VO → OO + 2h
2

(5-4)

The surface exchange process at the sweeping side (low 𝑃𝑂2 ) consumes ℎ∙ and release 𝑉𝑂∙∙,
which is the opposite to that at the feeding side:
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OO + 2h →

1
O2 + VO
2

(5-5)

To maintain local charge neutrality, the transport of 𝑉𝑂∙∙ is in the opposite direction of
concomitant flux of ℎ∙ as shown by
VO ( sweeping ) → VO

2h

( feeding )

( feeding ) → 2h ( sweeping )

(5-6)
(5-7)

Figure 5.1 Schematic of oxygen permeation through a p-type MIEC
membrane.

Since the electron hole conductivity is much higher than that of 𝑉𝑂∙∙ in the bulk, the oxygen
permeation flux 𝐽𝑉𝑂∙∙ through the bulk is mainly limited by the 𝑉𝑂∙∙ diffusion driven by
electrochemical potential gradient (𝛻𝑉 ∙∙ ):
𝑂



V
JV  mol cm −2 s −1  = − 2 O 2 V
O
O
z F
VO
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(5-8)

where 𝑧𝑉𝑂∙∙ is the charge of 𝑉𝑂∙∙ ; 𝜎𝑉𝑂∙∙ [𝑆 𝑐𝑚−1 ] is the conductivity of 𝑉𝑂∙∙ , which is represented
by 𝜎𝑖 since 𝑉𝑂∙∙ is the only ionic charge carrier; 𝐹 [𝐶 𝑚𝑜𝑙 −1 ] is Faraday constant. The
electrochemical potential gradient of oxygen 𝛻𝑉 ∙∙ [𝑉 𝑐𝑚−1 ] consist of chemical potential
𝑂

gradient (𝛻𝜇𝑉𝑂∙∙ ) and electrostatic potential gradient (𝛻 , 𝑉 𝑐𝑚−1 )

V = μV + zV F 
O

O

(5-9)

O

The concentration of ℎ∙ is assumed to be uniform across the membrane due to the high
electronic conductivity. Hence, no ∇ is established across the membrane. Eq. (5-8) is then
simplified into

JV = −

V

μV

(5-10)

V = Vo + RTlnaV

(5-11)

O

O

zV2 F 2

O

O

O

O

O

a𝑉𝑂∙∙ is the activity of 𝑉𝑂∙∙ (equal to its concentration).
According to Nernst-Einstein equation165,

V =
O

zV2 F 2cV DV
O

O

O

RT

(5-12)

where 𝐷𝑉𝑂∙∙ [ 𝑐𝑚2 𝑠 −1 ] is the diffusion coefficient of 𝑉𝑂∙∙ . c𝑉𝑂∙∙ [𝑚𝑜𝑙 𝑐𝑚−3 ] is the
concentration of 𝑉𝑂∙∙. Combining eq. (5-10), (5-11) and (5-12),

JV = − DV
O

O
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dcV

O

dx

(5-13)

̃𝑉 ∙∙ [ 𝑐𝑚2 𝑠 −1 ] is the chemical diffusion coefficient of 𝑉𝑂∙∙ . A detailed derivation is given
𝐷
𝑂
below.

JV = −
O

V

O

zV2 F 2

μV

O

O

=−

V

O

zV2 F 2

RT lnaV [Note: V = Vo + RTlnaV ]
O
O

O

O

O

zV2 F 2cV DV
O

O

O

RT aV [Note:  VO =

RT
z F2

=−

2
VO

O

O

RT

O

]

lncV

O

lncV

O

O

O

lnaV

= −cV DV

zV2 F 2cV DV

O

O

= −cV DV
O

O

lnaV  lncV
lncV
lncV 
O
O
O
O
i+
j+
k  [Note:


lncV  x
y
z

O

i, j

and

k

are standard

unit vector in the direction of the x, y and z coordinates, respectively.]

= −cV DV
O

O

lnaV lncV
O

O

lncV

x

i [Note: x coordinate corresponds to the pellet thickness

O

direction. The diffusion along other directions is omitted because the thickness is very
small compared to the diameters, making it one dimensional.]

= −cV DV
O

O

1
cV
O
lnaV cV
O

O

lncV

x

i

O

= − DV

O

lnaV cV
O

lncV

O

x

[Note: the unit vector

i

O
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is ignored.]

= − DV

O

cV

O

x

lnaV

[Note: DV = DV
O

O

lncV

O

]

O

As shown in eq. (5-13), the oxygen permeation through a MIEC membrane bulk follows
the one-dimension Fick’s first law.
The boundary conditions for solving eq. (13) are provided by the oxygen flux at
both feeding and sweeping sides 157, 173-174

(

O

(

O

JV = k s , f cV

At the feeding surface:

O

,f

− cVeq , f
O

JV = k s ,s cVeq ,s − cV

At the sweeping surface:

O

O

,s

)

(5-14)

)

(5-15)

where 𝑘𝑠 [cm 𝑠 −1 ] is the intrinsic rate constant of surface gas/oxygen-lattice exchange; the
subscriptions f and s denote feeding and sweeping, respectively.; eq denotes equilibrium.
Solving eq. (5-13) with the boundary conditions of (5-14) and (5-15) yields

JV =
O

(

k s , f k s ,s DV cVeq ,s − cVeq , f
O

O

O

)

k s , f k s ,s L + k s , f DV + k s ,s DV
O

(5-16)

O

where L [cm] is the membrane thickness; 𝑐𝑉𝑒𝑞∙∙ is the equilibrium molar concentration of 𝑉𝑂∙∙
𝑂

in the bulk, which can be calculated from oxygen non-stoichiometry (, numerical value)
for cubic structured SCN and SCT systems by

cVeq =
O


N AVm

(5-17)

where 𝑁𝐴 [mol−1 ] is Avogadro constant; 𝑉𝑚 [cm3 ] is the unit cell volume.
The oxygen non-stoichiometry () are available from our previous work169-170,
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 SCN 10 = 0.7966 − 0.00836lnPO − 0.52127
2

(

)

(

)

1000
− 4.60926  10 −4 lnPO2
T

2

(5-18)

2

1000
 1000 
+0.09848 
lnPO2
 − 0.00629
T
 T 

 SCT 10 = 0.58141 − 0.02155lnPO − 0.14465
2

1000
− 4.20455  10 −4 lnPO2
T

2

1000
 1000 
−0.07021 
lnPO2
 + 0.00528
T
 T 

2

(5-19)

1

Combining eq. (5-16) & (5-17) and considering 𝐽𝑉𝑂∙∙ = 2 𝐽𝑂2 lead to

J O2 =

(

(

k s , f k s ,s DV  T, PO2
O

(

)

s

(

−  T, PO2

2 k s , f k s ,s L + k s , f DV + k s ,s DV
O

O

)

f

)N V

)

(5-20)

A m

𝑓

With isothermal experimental 𝐽𝑂2 vs 𝑃𝑂𝑠2 or 𝑃𝑂2 , the surface exchange and bulk diffusion
̃𝑉 ∙∙ can be obtained by nonlinear fitting. For materials
parameters such as 𝑘𝑠,𝑓 , 𝑘𝑠,𝑠 and 𝐷
𝑂
with a much higher 𝑘𝑠,𝑠 than 𝑘𝑠,𝑓 , 𝑘𝑠,𝑠 can be omitted from eq. (5-20), yields

J O2 =

(

(

k s , f DV  T, PO2
O

(

)

s

2 k s , f L + DV

O

̃𝑉 ∙∙ .
with only two fitting parameters 𝑘𝑠,𝑓 and 𝐷
𝑂
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(

−  T, PO2

)N V

A m

)

f

)

(5-21)

5.3 Experimental and simulation methods
•

5.3.1 Membrane synthesis

The SCN10 and SCT10 were prepared by solid-state reaction method. Stoichiometry
amounts of SrCO3 (99.9%, Aldrich), Co3O4 (99.7%, Alfa Aesar), Nb2O5 (99.9%, Alfa
Aesar) or Ta2O5 (99.85%, Alfa Aesar) were ball-milled in ethanol for 3 h. The powder was
then dried and pressed into pellets. The pellets were first calcinated at 1000 oC and 1050
o

C for 12 h with 3 oC min-1 heating and cooling rates, respectively, for SCN10 and SCT10.

The sample was then broken up, ball-milled and dried. Buried in the same powder to ensure
phase purity and homogeneity, the final membranes were sintered at 1230 oC for 10 h. The
two surfaces of membranes were then polished with SiC sandpaper from 200 to 1000 mesh.
A 10 μm surface layer with coarser SCN10 or SCT10 particles were also screen printed on
the feeding side surface of each membrane to enhance the surface oxygen exchange so that
𝐽𝑂2 is high enough to be accurately measured at lower temperatures.
•

5.3.2 Oxygen permeation

A home-made system was used to evaluate the oxygen permeation flux in SCN10 and
SCT10 membranes. A dense membrane was first sealed between two alumina tubes by an
Ag-paste (DAD-87, Shanghai Research Institute of Synthetic Resins). The permeation cell
was then heated up to 850 oC (at a rate of 1 oC min-1) and held for 1 h to allow proper
sealing to take place. The measurement proceeded in a cooling sequence from 850-650 oC
in a 25 oC interval. The equilibration time varied with temperature from 2 h at higher
temperatures to 12 h at lower temperatures. The feeding gas was air with a fixed flow rate
of 100 sccm (standard cubic centimeter per minute), while the sweeping gas at permeate
side was an ultra-pure Ar. The 𝑃𝑂𝑠2 was varied by changing the flow rate of sweeping gas
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(from 10 to 100 sccm). Any detectable nitrogen was regarded as leakage from air and used
to correct oxygen content measured. The concentrations of O2 and N2 in the permeate side
were analyzed by a gas chromatographer (Agilent 490). Mass controllers (Smart-Trak 50
series) specifically calibrated for each gas under use were employed to control the gas flow
rates. The final flux densities of oxygen (JO2 ) are calculated by:

J O2 =

21 28 0.5
( )
79 32  Fs
1 − CO2 − CN 2
A

CO2 − CN 2 

(5-22)

where 𝐶𝑂2 and 𝐶𝑁2 are the measured concentrations of O2 and N2, respectively; 𝐹𝑠 is the
flow rate of sweeping Ar gas; A is the effective area of the sample (=0.745 cm 2). Any
detectable N2 is corrected in eq. (5-22). The corrections are less than 1% of the 𝐶𝑂2 in the
effluent gas.
•

5.3.3 Non-linear regression

The nonlinear regression using eq. (5-21) was carried out by Matlab LSQNONLIN with
𝐽𝑂2 at various 𝑃𝑂𝑠2 as input data. To ensure high fidelity of the modeling results, the
following sum of squares is used to ensure the best fitting with a threshold of 10-20:
n

(

Obj =  J Omodel
− J Oexprimental
2
2
i =0

)

2

(5-23)

where 𝑛 is the number of 𝐽𝑂2 data points collected at various 𝑃𝑂𝑠2 .
•

5.3.4 Electrical conductivity measurement

The electrical conductivity () of SCT samples were evaluated as a function of temperature
(T) and time (t). The =(T) data were measured in air with T varying from RT to 800 oC
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in a step of 50 oC, while =(t) were measured in air at different temperatures (500-800
o

C) for a given length of time. The phase composition of the samples after testing was also

examined with XRD.
•

5.3.5 Preparation of symmetrical impedance cells

A symmetrical impedance cell under study was comprised of two identical porous SCT10
electrodes and a dense Ge0.8Gd0.2O2-δ (GDC: 300 µm in thickness) electrolyte. To make the
porous SCT10 cathode, SCT10 powders were first mixed with V-006A (Heraeus) to form
a uniform ink, followed by screen-printing it on both sides of the GDC electrolyte. Then,
the symmetrical cell was calcined at 1000 °C for 2 h to remove organic binder and bond
SCT10 cathode to GDC. Silver paste/mesh was finally applied as a current collector to the
surface of SCT cathode, followed by curing at 600 °C for 1 hour.
•

5.3.6 Electrochemical impedance spectroscopy measurement

Electrochemical impedance spectroscopy (EIS) measurements of the above symmetrical
cells were performed with a Solartron 1260 Frequency Response Analyzer coupled with
1287 Electrochemical Interface. The frequency was swept from 0.01 Hz to 1 MHz.
5.4 Results and discussion
•

5.4.1 𝑘𝑠,𝑓 vs 𝑘𝑠,𝑠

The surface oxygen exchange process at the feeding side is 𝑂2 incorporation into the
membrane bulk, while at the sweeping side it is 𝑂2 evolution into the gas phase from the
bulk, see Figure 5.1. The reactions happened at the surfaces of feeding or sweeping sides
are equivalent to the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) at the air electrode of a solid oxide fuel cell (SOFC) and a solid oxide electrolysis
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cell (SOEC), respectively. A much faster kinetics for OER have been previously reported
for SrCo0.9Mo0.1O3- 56 and SCT10

172

, which suggests that 𝑘𝑠,𝑓 is smaller than 𝑘𝑠,𝑠 for

SCN10 and SCT10 membranes.
The importance of surface modification in oxygen permeation flux is first studied
on a 1.35 mm thick SCN10 membrane. The 𝐽𝑂2 in this work is comparable with those
reported values.

69, 114, 175

The surface morphology of the modification layer is shown in

Figure 5.2 (a). The coarsened SCN10 particles are expected to increase specific surface
area for oxygen exchange, thus enhancing the overall oxygen flux. However, Figure 5.2 (b)
shows a very small difference in 𝐽𝑂2 at 850 oC between the pristine and surface-modified
membranes, implying that surface oxygen exchange at the feeding side is not rate limiting
at this temperature. This is consistent with the report by Zhang et al, where the oxygen
bulk diffusion was found a rate limiting step at the same temperature for even a thinner
SCN10 membrane (1.0 mm).114 However, the later 𝐽𝑂2 results surface modified 2.35mmSCN10 show that the it is not completely controlled by the bulk diffusion process. The K
𝐽 𝐿

value of 𝐽1 𝐿1 equals 0.76, less than 1. In contrast, Figure 5.2 (b) shows a more pronounced
2 2

enhancement of 𝐽𝑂2 by the surface modification layer at the feeding side at 750 and 650 oC,
suggesting that surface exchange at the feeding side becomes rate-limiting (smaller 𝑘𝑠,𝑓
than 𝑘𝑠,𝑠 ) at lower temperatures, which has also been observed in La0.7Sr0.3CoO3- 161 or
Ba0.5Sr0.5Co0.8Fe0.2O3- 160. In this case, eq. (5-21) is a better expression than eq. (5-20) to
derive 𝑘𝑠,𝑓 with improved accuracy and reliability.
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Figure 5.2 (a) Surface morphology of the surface modification layer on SCN10
membrane; (b) 𝐽𝑂2 of a 1.35mm-thick SCN10 membrane with (hollow) or without (solid)
surface modification layer at the feeding side surface.

•

̃𝑉 ∙∙ and 𝑘𝑠,𝑓 vs T
5.4.2 Calculated 𝐷
𝑂

Figure 5.3 (a) and (b) show the modeled and experimental 𝑃𝑂𝑠2 vs 𝐽𝑂2 data from 650 to 850
o

C for both 1.35 and 2.35 mm thick SCN10 membranes; a good agreement is clearly

̃𝑉 ∙∙ and 𝑘𝑠,𝑓 are further plotted in Figure 5.4 (a) and (b),
observed. The extracted 𝐷
𝑂
̃𝑉 ∙∙ and 𝑘𝑠,𝑓
respectively, as a function of temperature. Note that both intensive properties 𝐷
𝑂
obtained are nearly independent of the thickness, indirectly indicating a good fidelity of
̃𝑉 ∙∙ and log𝑘𝑠,𝑓 vs
the model. The Arrhenius plot of log𝐷
𝑂

1
𝑇

shows a linear relationship,

confirming that both surface exchange and bulk diffusion of oxygen are a thermally
activated process. Our previous studies of SCN10 indeed revealed the same crystal
structure and constant activation energy (𝐸𝑎 ) for ORR process within the same temperature
range.58, 97
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For comparison, 𝐽𝑂2 vs 𝑃𝑂𝑠2 data obtained from a surface modified 2.35 mm-SCT10
membrane were also modeled. Again, a good agreement between the modeled and
̃ 𝑉 ∙∙ and 𝑘𝑠,𝑓
experimental 𝐽𝑂2 vs 𝑃𝑂𝑠2 is also observed in Figure 5.3 (c). The obtained 𝐷
𝑂
̃ 𝑉 ∙∙ is
shown in Figure 5.4 and Table 5.1 are both lower than those of SCN10, while 𝐸𝑎 of 𝐷
𝑂
higher than SCN10, 0.85 vs 0.79 eV; this implies that the migration of 𝑉𝑂∙∙ is more difficult
in SCT10 than in SCN10.

Figure 5.3 Modeling (solid lines) and experimental (dots) 𝐽𝑂2 vs 𝑃𝑂𝑠2 . (a) 1.35 mmSCN10; (b) 2.35 mm-SCN10 and (c) 2.35 mm-SCT10 in thickness.
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̃𝑉 ∙∙ and (b) 𝑘𝑠,𝑓 for SCN10 and SCT10 from 650 to 850 oC.
Figure 5.4 The calculated (a) 𝐷
𝑂

̃𝑉 ∙∙ and 𝑘𝑠,𝑓 for SCN10 and SCT10.
Table 5.1 The obtained T-dependent 𝐷
𝑂
Parameter Sample

Analytical Expression

SCN10

(4.06 ± 0.39) × 𝑒𝑥𝑝(−

SCT10

(4.01 ± 0.67) × 𝑒𝑥𝑝(−

̃ 𝑉 ∙∙
𝐷
𝑂

SCN10
𝑘𝑠,𝑓
SCT10

0.79 ± 0.005 𝑒𝑉
)
𝑅𝑇

0.85 ± 0.013 𝑒𝑉
)
𝑅𝑇
0.35 ± 0.011 𝑒𝑉
(0.16 ± 0.02) × 𝑒𝑥𝑝(−
)
𝑅𝑇
0.42 ± 0.012 𝑒𝑉
(0.26 ± 0.04) × 𝑒𝑥𝑝(−
)
𝑅𝑇

Our previous works have shown that SCN10 and SCT10 have the same cubic
perovskite structure (#221, Pm-3m) with almost identical lattice sizes as shown in Figure
5.3a.97, 172 When 𝑉𝑂∙∙ migrates to an adjacent position, the O-2p band energy at the original
position is decreased with respect to the metal-3d states along with an increase of Fermi
energy level. Hence, the motional energies correlate with the number of electrons
interchanged between the Fermi level and O-2p band level.48-50 A qualitative molecular
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orbital (MO) energy analysis of the (CoNb)O6 and (CoTa)O6 octahedra is schematically
shown in Figure 5.5.

Figure 5.5 Molecular orbital energy diagram for octahedra in SCN10 and SCT10. 𝑒𝜎 and
𝑒𝜋 are the orbital energy changes at maximum overlap for 𝜎 and 𝜋 bonds, respectively.
5 1
Intermediate-spin (𝑡2𝑔
𝑒𝑔 ) Co3+ are used when filling electrons into the molecular orbitals.

Due to the almost identical size of (CoNb)O6 and (CoTa)O6 (Figure 4.5), the
interaction between atomic orbitals (AO) of metals and oxygen (2𝑝4) is similar. Hence, the
energy change resulted from the AOs-to-MOs formation can be viewed the same for
(CoNb)O6 and (CoTa)O6.176-177 Since the AOs of Ta (5𝑑 3 6𝑠 2 ) lie higher than that of Nb
(4𝑑4 5𝑠1 ), those anti-bonding MOs (𝑇2𝑔 (𝜋 ∗ ) and 𝐸𝑔 (𝜎 ∗ )) in (CoTa)O6 is located higher
than (CoNb)O6. On the other hand, the Co-ion in SCN10 and SCT10 have a mixed
oxidation state of Co2+/3+ above 650 oC as shown in Figure 5.3b.97, 172 Since possible spin5 1
4 2
states for Co3+ are high-spin (𝑡2𝑔
𝑒𝑔 ) or intermediate-spin (𝑡2𝑔
𝑒𝑔 ),
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81

whereas high-spin

5 2
state (𝑡2𝑔
𝑒𝑔 ) is known for Co2+,81, 103-104 electrons will fill up 𝐸𝑔 (𝜎 ∗ ) for all the possible

spin states of Co-ion, which results in the Fermi level lying at 𝐸𝑔 (𝜎 ∗ ) for both (CoNb)O6
and (CoTa)O6 octahedra. As a result, the energy barrier (E) for 𝑉𝑂∙∙ migration is higher for
̃𝑉 ∙∙ .
SCT10 than SCN10, which is consistent with the above results on 𝐷
𝑂
The modeled 𝑘𝑠,𝑓 for SCT10 as well as SCN10 are shown in Figure 5.4 (b) and
̃𝑉 ∙∙ for SCN10 and SCT10, i.e. SCN10 has a
Table 5.1. The 𝑘𝑠,𝑓 shows the same trend as 𝐷
𝑂
̃ 𝑉 ∙∙ and 𝑘𝑠,𝑓 , and lower 𝐸𝑎 than SCT10. Understanding that the bulk migration of
higher 𝐷
𝑂
oxygen species (such as Vo∙∙ , 𝑂 − , 𝑂2− or 𝑂22− ) also links to the surface exchange rate in
̃ 𝑉 ∙∙ is thus expected.178
MIECs,33, 35 the same trend of 𝑘𝑠,𝑓 and 𝐷
𝑂
̃O2− ) is correlated with 𝐷
̃𝑉 ∙∙ by 165
The oxygen-ion diffusion coefficient (𝐷
𝑂
DO2 − =


3−

(5-24)

DV

O

̃𝑉 ∙∙ and 𝑘𝑠 of
The results are compared with the reported values in Table 5.2, where 𝐷
𝑂
SCN10 and SCT10 are shown in the same order of magnitude as those state-of-the-art
MIECs, further demonstrating the validity of our modeled results.
Table 5.2 Comparison of oxygen diffusion coefficients and surface exchange rate obtained
in this work with literature data at 800 oC (unless specifically indicated).
Composition

̃O2− (cm2
𝐷
s-1)
-6

𝑘𝑠
(cm s-1)
-4

Ba0.5Sr0.5Co0.8Fe0.2O3-

4.59×10

4.73×10

Ba0.5Sr0.5Co0.8Fe0.2O3-

3.0×10-6

4.6×10-4

La0.6Sr0.4Co0.2Fe0.8O3-

4.13×10-6
̃ 𝑉 ∙∙ )
(𝐷
𝑂

2.44×10-5
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Method
Oxygen Permeation
Feed: 0.07-0.39 atm
Sweep: 0.005-0.05 atm
Conductivity relaxation
𝑃𝑂2 range: 1-0.33 atm
Oxygen permeation
Feed:0.21-1 atm

Ref.
167

179

158

La0.58Sr0.4Co0.2Fe0.8O3-

2.01×10-5

-

SrCo0.95Sc0.05O3- (700
o
C)
La0.1Sr0.9Co0.9Nb0.1O3-
(750 oC)

1.82×10-4

1.67×10-3

1.94×10-4

4.52×10-2

SCN10

SCT10

•

1.22×10-4
̃ 𝑽∙∙ : 7.54
(𝑫
𝑶
×10-4)
6.48×10-5
̃ 𝑽∙∙ : 4.09
(𝑫
𝑶
×10-4)

Sweep: 0.00046-0.0023
atm
Conductivity relaxation
𝑃𝑂2 range: 0.21-0.1 atm
Conductivity relaxation
𝑃𝑂2 range: 0.21-0.1 atm
Conductivity relaxation
𝑃𝑂2 range: 0.21-0.05

3.83×10-3

Oxygen permeation
Calculated with  at
0.21 atm

2.95×10-3

180

181

182

This
work
This
work

5.4.3 Oxygen-ion conductivity (𝜎𝑖 )

The oxide-ion conductivity 𝜎𝑖 are calculated by Nernst-Einstein equation 𝜎𝑉𝑂∙∙ =
2
𝑧𝑉
∙∙ 𝐹2 c𝑉∙∙ 𝐷𝑉∙∙
𝑂
𝑂
𝑂

𝑅𝑇

. 𝐷𝑉𝑂∙∙ is calculated by equation below.165, 183

DV = DV
O

O

lncV

O

lnaV

O

= DV

O

ln
lnPo2

(5-25)

𝜕𝑙𝑛

where 𝑐𝑉𝑂∙∙ is calculated from eq. (5-17) with 𝑉𝑚 taken from Ref.97, 172 The  and 𝜕𝑙𝑛𝑃 are
𝑜2

calculated from eq. (5-18) and (5-19). The calculated 𝜎𝑖 are plotted in Figure 5.6 (a) as a
function of T, where 𝜎𝑖 (at 𝑃𝑂2 =0.21 atm) of SCN10 and SCT10 are shown to be 1.08 and
0.70 S cm-1 at 800 oC, and 0.34 and 0.17 S cm-1 at 650 oC, respectively, comparable with
the reported values for SrCoO3-, Ba0.5Sr0.5Co0.8Fe0.2O3- and La0.2Sr0.8Co0.8Fe0.2O3-.184-186
The magnitude and activation energy of 𝜎𝑖 for these two MIECs are higher and smaller
than those of pure oxygen-ion conductors, respectively. The dominating electronic
conduction apparently promotes the migration of oxygen vacancies through the known
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“drag-pull” mechanism mandated by the local charge neutrality.165, 170 The 𝜎𝑖 at 700 and
800 oC in a typical 𝑃𝑂2 range of 0.001-1 atm are also calculated in Figure 5.6 (b). 𝜎𝑖 of
𝑚

SCN10 and SCT10 follows well with 𝑃𝑂2 by the power law 𝜎𝑖 = 𝜎𝑖,0 (𝑃𝑜2 ) , where 𝜎𝑖,0 is
the conductivity at 𝑃𝑂2 =1 atm. The small and constant m value indicates the nature of
ionic conduction. Similar behavior has also been observed in (LaSr)CoO3-
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and

(LaCa)CrO3-188 systems.

Figure 5.6 The calculated 𝜎𝑖 of SCN10 and SCT10. (a) Arrhenius plot at 𝑃𝑂2 =0.21 atm;
(b) vs 𝑃𝑂2 . The data from 2.35 mm membranes are used for the calculation.
•

5.4.4 Electrical conductivity

The electrical conductivity of SCT10 is much higher than that of SCN10 below 400 oC but
come close to each other above that, as seen in Figure 5.7. The conductivity of SYC10 is
also added into comparison and found much higher than SCT10 or SCN10 above 350 oC.
In general, hopping of electrons between two neighboring Co-ions is mediated by the
conduction band formed by the orbital overlap between Co-3d and O-2p commonly known
as a double exchange phenomenon.189 The stronger the overlap, the easier for electrons to
hop. Lattice size of SCT10 is smaller than SCN10 below 400 oC (Figure 4.5), which means
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a shorter Co-O length, closer overlap of Co-3d/O-2p, and broader band for the charge
carriers moving. At T400 oC, the lattice sizes of SCN10 and SCT10 are almost identical.
The slightly higher Co-ion oxidation state of SCT10 (Figure 4.8) accounts for its slightly
higher electrical conductivity, as it promises higher ℎ∙ concentration and better overlap
between Co-3d and O-2p.190-191 A schematic energy diagram of Co-3d and O-2p in antibonding MOs (𝑇2𝑔 (𝜋 ∗ , 𝐻𝑂𝑀𝑂) and 𝐸𝑔 (𝜎 ∗ , 𝐿𝑈𝑀𝑂)) for Co2+, Co3+ and Co4+ is shown in
Figure 5.8. As for the much higher conductivity of SYC10, the much smaller lattice of
SYC10 than SCN10 or SCT10 shown in Figure 4.5 gives the stronger orbital overlap
between Co-3d and O-2p, which offer SYC10 broader band for ℎ∙ conduction even though
it has lower average Co-ion oxidation state as shown in Figure 4.8.
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 (S cm-1)

SYC10

SCT10
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T (oC)

Figure 5.7 Electrical conductivity of SCN10, SCT10 and SYC10 in air.
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Figure 5.8 A schematic energy diagram of Co-3d and
O-2p in anti-bonding 𝑇2𝑔 and 𝐸𝑔 .

The isothermal time-dependence of (t) for the SCT10 is shown in Figure 5.9 (a).
Over a 150-h period,  remains constant at 500, 600 and 700 oC, reflecting good thermal
stability of the material. Only at 800 oC does  exhibit a slight degradation. Upon returning
to 500 oC, SCT10 cannot recover to its original value, inferring a change in phase
composition. A subsequent RT-XRD analysis shown in Figure 5.9 (b) confirms the
formation of the less conductive hexagonal Sr6Co5O15 phase through the formation of
orthorhombic Sr2Co2O5 at higher temperatures, which is deemed responsible for the loss
of conductivity. In comparison, its rivalry SCN10 shown in the inset exhibits a noticeable
decay in  at a lower 700 oC. This is clearly attributed to a weaker Nb-O bonding, resulting
in earlier decomposition.58 The sample after long-term conductivity measurement suggests
a partial phase decomposition. Therefore, use of SCT10 in SOFC at 800 oC should be
cautioned. The low Bragg intensities of the impurities suggests that the reaction to form
hexagonal Sr6Co5O15 is a rather slow process.
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Figure 5.9 (a) Electronic conductivity
stability of SCT10 at different temperatures.
The inset shows conductivity stability of
SrCo0.9Nb0.1O3- (SCN10)58; (b) RT-XRD
pattern of SCT10 after long-term
conductivity measurement.

•

5.4.5 Evaluation of electrochemical activity

The polarization resistances of SCT10 and SCN10 vs temperature are shown in Figure 5.10,
with the values of SYC10 and the benchmark cathode LSCF (La0.60Sr0.40Co0.20Fe0.80O3−δ)
also being added into comparison. All the doped-SCOs show much lower RP than LSCF.
SCN10 is more active than SCT10, consistent with the molecular orbital energy analysis
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in section 5.4.2. The polarization resistances of SYC10 are much higher, which is
consistent with the much larger energy gap between the Fermi level and O-2p band level
in SYC10 due to the shorter Co-O bond length and lower oxidation states of Co-ion. The
electrochemical stability of the more active SCN10 and SCT10 are also evaluated at 700
o

C as shown in Figure 5.11. While the initial RP of SCT10 is higher than SCN10, SCT10

is rather stable over a period of 2,000 h. In comparison, SCN10 shows a RP continuously
increasing with time. After 500 h, the projected SCN10’s RP surpasses SCT10. A better
thermal stability of SCT10 than SCN10 as indicated by the above results is the fundamental
reason for the stable RP observed.

10
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SCN10
LSCF
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Figure 5.10 Polarization resistances in air for SYC10, SCN10 and SCT10.
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Figure 5.11 RP of SCT10 vs time and its comparison
with SCN1058.

5.5 Conclusions
In summary, a combined experimental and theoretical method to derive important oxideion transport properties of SCN10 and SCT10, two well-known MIECs, is demonstrated
through experimental 𝐽𝑂2 vs 𝑃𝑂2 data and a diffusion model. The bulk oxygen diffusion
coefficients and surface oxygen exchange rate constants for SCN10 and SCT10 are found
comparable with other state-of-the-art MIECs. Compared to SCT10, SCN10 shows a
̃ 𝑉 ∙∙ and 𝑘𝑠,𝑓 with a corresponding lower 𝐸𝑎 . The molecular orbital energy analysis
higher 𝐷
𝑂
reveals that the outer orbital electron configuration in Ta5+ and Nb5+ plays a major role in
the energy barrier for 𝑉𝑂∙∙ migration. The obtained 𝜎𝑖 of SCN10 and SCT10 are insensitive
to the change of 𝑃𝑂2 and are nearly one order of magnitude higher than pure ionic
conductors.
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The shorter Co-O bond length or higher Co-ion oxidation state give a better overlap
between Co-3d and O2-2p, and thus broader band for charge carrier migration. The
conductivity measurement indeed unveils that SYC10 has a much higher electrical
conductivity than SCN10 and SCT10, even though its average Co-ion oxidation state is
lower. Molecular orbital energy analysis shows the energy gaps between Fermi level and
O-2p level follow the sequence that SYC10  SCT10  SCN10, consistent with the trend
of their polarization resistance. However, the long-term tests of the more active SCN10 and
SCT10 show that SCT10 has a better thermal and electrochemical stability than SCN10.
The fundamental reason for the improved stability is the stronger Ta-O bond than Nb-O
bond in doped SCOs.
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CHAPTER 6

THE EVALUATION OF SCT10 IN REAL SOFC CATHODE

6.1 Introduction
The commercial development of solid oxide fuel cell (SOFC) technology in recent decades
has been mainly focused on how to lower the working temperature so that cost and
reliability can both be improved to meet the targets for commercial applications.108, 192 The
current benchmark cathodes generally have insufficiently fast kinetics towards oxygen
reduction reaction (ORR) to yield a low enough polarization resistance in reduced
temperature ranges.193 A representative of the first-generation benchmark cathodes is La1xSrxMnO3-δ

(LSM), a pure electronic conductor. Therefore, its ORR kinetics relies solely

on the density of triple-phase (air/cathode/electrolyte) boundaries (3PBs),194 which limits
this class of SOFC cathodes to work at a temperature as high as 900-1000 oC.
Replacement of LSM with mixed ionic and electronic conductors (MIECs) extends
the ORR-active sites from 3PBs to air/cathode two-phase boundaries (2PBs), thus
significantly increasing reaction areas and enhancing ORR-kinetics. Representatives of this
second-generation benchmark cathodes are oxygen-deficient perovskites such as
(Sm,Sr)CoO3-δ11-12, (Ba,Sr)(Co,Fe)O3-δ13, 108, and (La,Sr)(Co,Fe)O3-δ 16, 18. Due to the high
ORR-activity, this class of SOFC cathodes is suited for intermediate-temperature SOFCs
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(IT-SOFCs). However, the high ORR-activity of these materials is accompanied by a much
higher thermal expansion coefficient (TEC) than that of electrolyte (e.g. 20 vs 10 ppm/K),
making them a direct use as bulk cathode in IT-SOFCs impossible.195-197 To avoid the TEC
problem while still utilizing the high ORR activity, these materials are often employed in
form of nanoparticles (NPs) supported on a TEC-compatible skeleton.198-200,201-202 At
elevated temperatures, however, NPs are prone to sinter, resulting in performance
degradation. 72, 203-204 Some studies have informed us that by coating NPs with a continuous
and conformal layer using atomic layer deposition (ALD) can effectively decrease the rate
of NPs coarsening. 205-206
Note that most of ORR-active perovskites uses Sr as a dopant to increase electronic
conductivity and oxygen vacancy concentration. One critical issue with these Sr-doped
perovskites (SDPs) such as La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and La0.6Sr0.4CoO3-δ (LSCo) is
′
the Sr-segregation originated from the electrostatic interaction between dopant (𝑆𝑟𝐿𝑎
) and

oxygen vacancy (𝑉𝑂∙∙ )207-208, a leading cause for the performance degradation18,

209-210

.

Similar to NPs coarsening mitigation, some early studies have shown the effectiveness of
overcoating a conformal less reducible oxide-layer over SDPs to diminish the
concentration of 𝑉𝑂∙∙ and thus the driving force for Sr-segregation. 205-206
In this chapter, a new coarsening-resistant and Sr-segregation free, yet highly active,
cathode for IT-SOFCs is presented. The new cathode consists of a continuous
SrCo0.9Ta0.1O3- (SCT10) nano-scaled thin-film, over an LSCF skeleton. In such a structure,
ORR mainly takes place on the surface of SCT10 while porous LSCF skeleton provides
electronic/ionic conduction, gas transport and mechanical support. The structure may have
less reactive surface areas than conventional discrete NPs, but it is more resistant to
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coarsening. The reduced surface area can be compensated by the high intrinsic ORRactivity in SCT10.

172, 211-212

More importantly, Sr-segregation mechanism is completely

′
shut down in SCT10 since there is no negatively charged dopant 𝑆𝑟𝐿𝑎
to electrostatically

attract positively charged 𝑉𝑂∙∙ .
6.2 Experimental Method
•

6.2.1 Preparation of SCT10 precursor solution

To make the SCT10@LSCF structure, we used an aqueous solution containing Sr, Co and
Ta as the precursor and infiltrated it into the LSCF skeleton. To make the solution, citric
acid (Sigma-Aldrich) was first dissolved in a de-ionized water, followed by adding a
stoichiometric amount of Sr(NO3)2 (Alfa Aesar) and Co(NO3)2∙6H2O (Alfa Aesar) under
stirring. A separate solution containing ethylene diamine tetraacetic acid (EDTA, SigmaAldrich) dissolved in a diluted ammonia water was then mixed with the above solution.
The pH of the solution was adjusted to 8. A stoichiometric amount of Ta(OC2H5)5 (SigmaAldrich) was last dissolved into pure ethanol and then slowly added into the above solution
to complete the solution preparation for infiltration. The total metal-ions concentration was
0.2 M. The molar ratio of citric acid to EDTA to metal ions was 2:1:1. The volume ratio
between de-ionized water and ethanol was 5:1 in the final solution.
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Figure 6.1 XRD patterns of solution-derived
samples calcined at different temperatures.

To determine the right post-infiltration calcination temperature to form single-phase
SCT10, a portion of the above solution was collected, dried at 80 oC and then ignited at
500 oC for 1 h. The resulting powder was then fired at 800, 900 and 1000 oC for 2 h,
respectively. Figure 6.1 shows XRD patterns of samples calcined at different temperatures;
it is evident that 1000 oC is the onset temperature for the formation of pure SCT10 phase
from solution.
In addition to the pure phase formation, calcining SCT precursor at higher
temperature also favors the formation of a continuous thin-film over the LSCF skeleton.
We show the evidence in later section. This is different with those reported in the literature
that only the transition from discrete to continuous layer of NPs over the skeleton were
observed when calcinating at higher temperature.213-214
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•

6.2.2 Fabrication of SCT10@LSCF symmetrical cells

The symmetrical cell was first fabricated by screen printing an LSCF ink (purchased from
Fuelcellmaterials) on both side of a 500 μm thick Gd0.2Ce0.8O2-δ (GDC20, Fuelcellmaterials)
dense pellet, followed by firing at 1100 oC for 2 h. The electrode has an effective electrode
geometrical area of 1.27 cm2 and a thickness of ca. 40 μm. A 10 µL of SCT10 solution was
then dropped into each side of the porous LSCF skeleton, followed by thermal treatment
at 80 oC and 500 oC for 1 h, respectively. The above process was repeated 9 to reach 20%
SCT10 loading. The samples were finally fired at 1000 oC for 2 h to form a pure SCT10
phase that covers completely the surface of LSCF skeleton. For all electrochemical testing,
silver paste (c8829a, Heraeus) and silver mesh were attached as current collectors to both
sides of the electrode and cured at 600 oC for 1 h before use.
•

6.2.3 Electrochemical Impedance Spectroscopy (EIS)

The EIS spectra of symmetrical cells were collected with a 1470/1455B electrochemical
station (Solartron) in a frequency range of 0.01 Hz-1 MHz and AC amplitude of 10 mV.
The collected EIS spectra were analyzed with equivalent circuit method by ZSimpWin
software.
•

6.2.4 Microstructure and phases characterization

The microstructures of electrodes were characterized by a field emission scanning electron
microscope (FESEM, Zeiss Ultraplus) and high-resolution transmission electron
microscope (HRTEM, Hitachi H-9500). A scanning transmission electron microscope
(STEM, Hitachi HD-2000) equipped with EDX was also employed to obtain images as
well as analyze chemical compositions. The resolutions for STEM-EDX are 0.8, 0.5 and
0.3 nm for spot, line-scan and mapping modes, respectively. X-ray photoelectron
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spectroscopy (XPS) (Kratos AXIS Ultra DLD XPS) were performed to specifically analyze
surface chemistry, particularly Sr-concentration, of cathode. To ensure the accuracy, the
binding energy (BE) was calibrated by the C-1s photoemission peak at 284.6 eV. The
phases were examined by an X-ray diffractometer (Rigaku MiniFlex II) equipped with
graphite-monochromatized Cu Kα radiation (λ= 1.5418 Å).
6.3 Results and Discussion
•

6.3.1 The microstructure of SCT10@LSCF cathode

Figure 6.2 The SEM images of (a) as-prepared LSCF and (b)
SCT10@LSCF cathodes. The insets are images at higher
magnification; (c) the STEM-EDX mapping of as-prepared
SCT10@LSCF particle; (d) and (e) are the HRTEM images of asprepared LSCF and SCT10@LSCF particles, respectively.
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The microstructures of the as-prepared SCT10@LSCF and pristine LSCF cathodes
captured by SEM are shown in Figure 6.2 (a) and (b), respectively, where almost identical
particle morphology, porosity and particle sizes are observed. A further compositional
analysis by STEM-EDX indicates that the elemental distributions in the as-prepared
SCT10@LSCF is not uniform. Figure 6.2 (c) shows that La and Fe from LSCF only exist
in the core of particles, around which Ta from SCT distributes evenly. The spatial
distributions of those shared elements in SCT10@LSCF (Co, Sr) are also consistent with
the bilayer structure. Note that both SCT10 and LSCF are perovskites with corner-shared
3d metal-oxygen octahedra.172, 215 Indeed, HRTEM images of Figure 6.2 (d) and (e) indicate
that both SCT10 and LSCF are crystalized into similar structure with identical d-spacings.
It is, therefore, reasonable to postulate that an iso-structured bilayer has been formed. The
more active SCT10 outer layer is expected to provide a high ORR activity while porous
LSCF under layer to provide an electron/ion conducting pathway, channel for gas transport
and mechanical support.
The formation of bilayer architecture is originated from the high calcination
temperature and the isostructural SCT10 and LSCF. Early studies have shown that the
morphology of infiltrants depends largely upon the calcination temperature. Lou et al.
reported a NP-skeleton morphology for the isostructural infiltration of Sm0.5Sr0.5O3- into
La0.6Sr0.4Co0.2Fe0.8O3- when calcinating at much lower temperature of 800 oC.202 Similar
morphologies are also obtained in this work when calcinating at 800 oC as shown in Figure
6.3. For heterostucture infitration, higher calcinating temperature only leads to the
transition of discrete-to-continuous layer of NPs, such as La0.6Sr0.4Co0.2Fe0.8O3- into GDC
at 1200 oC213, Sm, Ce-doped SrCoO3- into Sm0.2Ce0.8O1.9214, LaNi0.6FeO3- into porous
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yttria-stablized zirconia at 1100 oC216. A schematic illustration of temperature and crystal
structure effects on the morphology of bilayer architecture is given in Figure 6.4.

Figure 6.3 The SEM images of SCT10@LSCF
cathode calcinated at 800 oC for 1 h after
infiltration.

Figure 6.4 The mechanism schematic of bilayer
structured cathode particles.

•

6.3.2 Stability test on symmetrical cell

The stability of SCT10@LSCF and pristine LSCF cathodes was tested for 5,000 h in
symmetrical cells at 700 oC in air; the results are shown in Figure 6.5 (a). It is evident that
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the polarization resistance of the pristine LSCF, RP, doubles from 0.40 to 0.81 Ω cm2 after
5,000 h. A SEM examination shown in Figure 3b on the post-test LSCF cathode indicates
an increased particle size in comparison to the original morphology shown in Figure 6.1
(a). It appears that particle coarsening is one of the reasons that causes degradation. In
contrast, Figure 6.5 (a) shows only 21% increase (from 0.28 to 0.34 Ω cm2) in RP of the
SCT10@LSCF cathode after 5,000 h. The post-test SEM analysis shown in Figure 6.5 (c)
reveals less particle agglomeration than the pristine LSCF.

Figure 6.5 (a) The time-dependent polarization resistances at
700 oC; the cathode morphology in symmetrical cells of (b)
LSCF and (c) LSCF-SCT after 5000 h test at 700 oC.

Another source of degradation for the pristine LSCF cell is the well-documented
Sr-segregation.18, 207-210 The morphology of the post-test samples shows an evidence of
segregated Sr-compound in the pristine LSCF, see Figure 6.6.18 To further verify the SEM
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observation, XPS was performed on a separate set of the sinter samples annealed at 700 oC
for only 200 h. with a goal of determining the surface Sr-concentration.217-218 Figure 6.7 (a)
shows that the ratio of surface-Sr/lattice-Sr in the pristine LSCF increases from 45.4/54.6
to 54.5/45.5 after the annealing, while Figure 6.7 (b) shows an almost constant ration for
SCT10@LSCF. These results suggest that the SCT10@LSCF has a much better resistance
to the Sr-segregation than LSCF. The excellent stability and low RP of SCT10@LSCF
suggest that the isostructural bilayer design is a promising strategy for commercially viable
IT-cathodes.

Figure 6.6 The cathode morphology after 5000 h test at 700 oC of (a) LSCF
and (b) SCT10@LSCF.

Figure 6.7 The Sr-3d XPS patterns of samples before and after annealing
at 700 oC for 200 h.
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Figure 6.8 (a) The time dependent ohmic resistances of symmetrical cells with (a) LSCF
and SCT10@LSCF as cathode at 700 oC; (b) cross-sectional view of LSCF/GDC and (c)
SCT10@LSCF/GDC interfaces after 5,000 h test. The insets are the SEM-EDX in those
areas marked by the numbers.

We recently reported a “bismuth attack” from the commercial current collector
silver paste to GDC electrolyte.219 The SCT-layer shows another advantage of lessening
such an attack as seen from the less degradation and thinner corroded layer in Figure 6.8.
The specific resistance increases from 19.30 to 20.30 Ω cm for the cell with LSCF as
cathode, while the one with LSCF-SCT as cathode only increase from 19.27 to 19.89 Ω
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cm after 5000 h test at 700 oC, as seen in Figure 6.8 (a). The bismuth migration path of
silver paste-to-cathode-to-electrolyte is blocked for the infiltrated sample, probably arise
from the adsorbing effect of the SCT-layer. To confirm this hypothesis, we performed EDS
analysis in various regions of the electrodes; the results are shown in the insets of Figure
6.8 (b) and (c). A strong Bi-presence is observed in both the top and bottom regions of
LSCF (Figure 6.8 (b)), whereas the Bi-presence in SCT10@LSCF bulk is much more
weakened at the bottom than the top region (Figure 6.8 (c)). The absorbing effect of SCT10shell might also be applied to mitigate the Cr-poisoning issue in SOFC stack, as analogous
to the “Cr-getter” based on SrO-containing compounds.220
•

6.3.3 Single cell performance

The peak power densities ( 𝑃𝑝𝑒𝑎𝑘 ) reach 1.32 and 0.48 W cm-2 for single cell with
SCT10@LSCF as cathode at 700 and 600 oC, respectively, as shown in Figure 6.9 (a). The
power outputs easily outrun the single cell with LSCF as cathode at identical test conditions,
the later only demonstrates 𝑃𝑝𝑒𝑎𝑘 of 0.75 and 0.28 W cm-2 at 700 and 600 oC, respectively.
The continually operating at ca. 70% of 𝑃𝑝𝑒𝑎𝑘 (0.6 V-potentiostatic) also shows that the
sample with the bilayer structured cathode is more stable than the baseline sample, e.g.
0.92 to 0.41 W cm-2 vs 0.57 to 0.16 W cm-2 at 700 oC for 100 h (Figure 6.9 (b)). The EIS
of single cells in Figure 6.9 (c) indicate that the electrode polarization resistances increase
from 0.06 to 0.18 Ω cm2 for the baseline sample, but the cell with SCT10@LSCF as
cathode only slight increases from 0.05 to 0.10 Ω cm2 during the continually discharging.
The single cell tests reaffirm the superiority of the bilayer structured SCT10@LSCF over
the pure LSCF.
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Figure 6.9 (a) short-term IV and current-power (IP) curves. (b) Power
density vs time at 0.6 V, 700 oC; corresponding EIS spectra (c); crosssectional views of cells after testing with (d) SCT10@LSCF or (e) LSCF
as cathode.

It is noticeable that the infiltration also decreases the ohmic resistances of single
cells as seen from the top EIS patterns in Figure 6.9 (c). It is probably resulted from a
higher conductivity of SCT than LSCF172, 221 or lower contact resistance between cathode
and electrolyte. After 100 h test, the ohmic resistance barely changes for the cell with
SCT10@LSCF cathode; on the contrary, large increase is observed for the baseline cell.
Figure 6.9 (d) and (e) shows the more severe morphology degradation with LSCF as
cathode. Again, the SCT-layer shows its advantage of blocking the bismuth attack.
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6.4 Conclusion
An effective combination between two isostructural materials, the benchmark LSCF and
ORR-active SCT10, are realized in a form of bilayer structure through solution infiltration
and high temperature calcination. The isostructural SCT10@LSCF cathode shows a
dramatically enhanced ORR activity and stability. The polarization resistance of
SCT10@LSCF remains mostly stable and low for 5,000 h in air at 700 oC. The SCT10outerlayer acts as an excellent ORR-catalyst, while inhibiting coarsening and Srsegregation from the LSCF-underlayer. The stable and active isostructural SCT10@LSCF
bilayer presented in this study promises a new approach to developing electrodes for
commercial IT-SOFCs as well as IT solid oxide electrolysis cells (IT-SOECs) for H2/CO
production.
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CHAPTER 7

SUMMARY

To achieve the ultimate goal of establishing structure-activity relationships, in-situ neutron
diffraction (ND), thermogravimetric analysis (TGA), iodometric titration and
electrochemical tests have been carried out to study the local structure, oxygen
stoichiometry and oxygen reduction reaction (ORR) activity in solid oxide fuel cell (SOFC)
operating temperature range for Sr0.9Y0.1CoO3- (SYC10), Sr0.9Y0.3CoO3- (SYC30),
SrCo0.9Nb0.1O3- (SCN10) and SrCo0.9Ta0.1O3- (SCT10).
The ND reveals that the crystal structure of SYC30 contains alternate layered
oxygen-deficient Co1-layer and oxygen-saturated Co2-layer in a new ordered perovskite
lattice with a large unit cell (2a×2a×4a) and I4/mmm space group, from RT to 900 oC. The
way how Vo∙∙ is distributed in SYC30 infers a 2D diffusion pathway in ab plane around Co1.
The Fourier observed nuclear density map reveals that the nuclear density of O4-site
expands with temperature in the ab plane, which is beneficial to oxygen migration. In
comparison, SYC10 has a similar stacking sequence of Co1- and Co2-layer but crystalizes
into a lattice with higher symmetry (a×a×2a, P4/mmm). The more symmetrical structure
and Vo∙∙ distribution, and higher Vo∙∙ concentration in SYC10 indicate an easier Vo∙∙ migration
than SYC30. Molecular orbital energy analysis also indicates SYC30 has a higher Fermi
level relative to O-2p energy level in the active Co1-polyhedra, and thus a higher motional
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enthalpy for Vo∙∙ migration. These observations are consistent with the electrochemical
results, where SYC30 is found to have a higher polarization resistance and worse singlecell performance than SYC10.
For SCN10, at T< 75 oC, ND reveals a tetragonal (P4/mmm) structure with a Gtype magnetic ordering. Above 75 oC, the nucleus structure remains the same while the
magnetic ordering disappears. A phase transition from tetragonal (a×a×2a, P4/mmm) to
cubic (a×a×a, Pm-3m) is observed at 412 oC, where the two Co-sites and three O-sites in
the P4/mmm phase converge into one equivalent site, respectively. The phase transition
temperature coincides with the peak temperature of oxygen uptake obtained by TGA. It is
also observed that the Nb-dopant has no preferred Co-site to occupy. The oxygen vacancies
are mostly located at the O3-site surrounding the Co1-site in the P4/mmm structure. The
intermediate-spin state of Co3+ at the Co1-site is responsible for the observed distortions
of CoO6 octahedra, i. e. elongation of Co1O6 octahedra and shortening of Co2O6 octahedra
along the c-axis, a phenomenon known as Jahn-Teller distortion. At high temperatures,
large thermal displacement factor for O2- is observed with high concentration of oxygen
vacancies, providing a structural environment favorable to high O2- conductivity in Nbdoped SrCoO3-based oxygen electrode materials.
For SCT10, the high-temperature X-ray diffraction (HT-XRD) and ND studies
reveal that it exhibits a single primitive cubic phase (a×a×a, Pm-3m) at 200 oC. In SOFC
working temperature range, SCT10 and SCN10 have almost identical lattice and Co-ion
oxidation states, while those for SYC10 are smaller. The smaller lattice renders SYC10 a
higher electrical conductivity due to the stronger interaction between Co-3d and O-2p. The
molecular orbital energy analysis, based on their lattice size and Co-ion oxidation states,
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reveals that the energy gaps between Fermi level and O-2p level follow the sequence that
SYC10  SCT10  SCN10. The electrochemical measurements unambiguously confirm
that the energy gap can be used as a descriptor for the activities of 𝑉𝑂∙∙ migration and the
related ORR processes. The dependency of electronic conductivity and electrochemical
activity on temperature and time for the more active SCN10 and SCT10 suggest that
SCT10 is a better and more stable ORR catalyst, making it more attractive for practical
applications. A summary of the key parameters at 700 oC for SYC10, SCN10 and SCT10
are listed below.
Parameters
SYC10
SCN10 SCT10
δ (TGA)
2.52
2.56
2.59
Co-ion oxidation state (TGA)
2.94
2.91
2.97
BVS
2.76 (Co1) 3.02
3.02
Co-O bond length
1.96 (Co1) 1.97
1.97
Lattice size (Å)
3.91
3.95
3.95
ΔEFermi-O 2p
Large
Small Medium
Rp (Ω cm-2)
0.24
0.08
0.14
The practical application of SCT10 is evaluated as nanostructured particles,
synthesized via a solution infiltration and high temperature sintering method, anchored on
a commercial LSCF cathode to mitigate its incompatible thermal expansion with
electrolytes. The new cathode shows a bilayer structure consisting of a continuous,
nanoscale SCT10 thin layer covering a commercial isostructural perovskite LSCF cathode
skeleton. The SCT10-outerlayer acts as an excellent ORR-catalyst, while inhibiting
coarsening and Sr-segregation from the LSCF-underlayer. The polarization resistance of
SCT10@LSCF is only 40% that of the pristine LSCF after 5,000 h stability test at 700 oC.
The peak power density reaches 1.32 W cm-2 for single cell with SCT10@LSCF as cathode
at 700 oC, while the one with LSCF as cathode only reaches 0.75 W cm-2. The stable and
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active isostructural SCT10@LSCF bilayer demonstrates a new promising approach to
developing electrodes for commercial IT-SOFCs as well as IT solid oxide electrolysis cells
(IT-SOECs) for H2/CO production.
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